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Abstract
This article reviews the renewable energy systems emulators proposals for microgrid laboratory
testing platforms. Four emulation conceptual levels are identified based on the literature analysis
performed. Each of these levels is explained through a microgrid example, detailing its features
and possibilities. Finally, an experimental microgrid, built based on emulators, is presented to
exemplify the system performance.
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1. Introduction
The importance of distributed generation (DG) in the power system is increasing. The energy
produced in these facilities must be integrated to the grid and microgrids arise as a particularly
beneficial solution. A microgrid is defined as a system compounded by different micro-sources and
loads, operated by an energy manager, that is able to deliver heat and electrical power in a local
area [1]. This definition has been evolving as other capabilities has been included to the concept
as storage systems [2] or the islanding system operation [3]. Microgrids should be understood as
small pieces of the whole power system and each of them could be designed and operated to meet
different local specifications and objectives.
A microgrid is a relatively new concept, thus different studies related with the control, op-
eration, design and protection are being developed. Among all these projects, the ones where
real microgrids are built [4], are extremely interesting for testing the theoretical developments.
Microgrids as the CERTS laboratory project (Consortium for Electrical Reliability Technology
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Solutions) [5] or facilities developed by other research centers are defining the specifications of the
future microgrid concept [6]. In a laboratory scale, other setups are being built, as for example
the IREC microgrid (Catalonia Institute for Energy Research) [7] or the platform proposed by
the Energy Systems Research Laboratory, Florida International University [8]. These laboratory
platforms, in contrast to the large experimental projects, include emulation devices which allow to
physically represent the behavior of many different resources. Emulators in combination with real
systems, increase the experimental laboratory platform capabilities enormously.
Focused on the emulation devices, this paper reviews the emulation structures proposed in the
literature. As a result, emulation is divided in four different conceptual groups, defined as the
emulation levels. To clarify this concept, the different emulation levels features and characteristics
are explained through an example microgrid layout, also including a complete classification of the
literature review. Finally, a real laboratory platform, employing two of the emulation levels defined,
is presented. Three different emulators are included in this system, one acting as a photovoltaic
panel, another as a battery and another one as a couple of loads, defining the basic structure of a
microgrid. Experimental results are included to show the actual operation of the system including
the emulators and its testing possibilities.
2. The emulation concept
An emulator is a device that attempts to mimic the behavior of a real resource. Basically, it
is compounded by two interrelated parts, a software and a hardware layer. On the one hand, the
software layer calculates the system variables, that the real system would show under the same
conditions, based on static or dynamic operations. On the other hand, the hardware layer imposes
the software calculated variables by means of mechanical, electronic or electrical devices, to follow
the real system behavior. According to the previous definition, systems of all kinds could be
emulated. However, this article is mainly focused on analyzing the emulation structures available
for representing energy systems that could be connected to an electrical microgrid.
In order to clarify the introduced concept, an example of a photovoltaic (PV) emulator oper-
ation (Figure 1) connected to the grid is explained in detail. In this case, the emulator software
layer calculates, based on the real PV installation that is being emulated and the environmen-
tal scenario conditions defined for the experiment, the voltage that would be across the real PV
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power connection terminals. Once calculated, this voltage is applied by the emulator hardware
layer at the emulator power terminals, by means, for instance, of a power converter. Therefore,
both the real PV installation and the emulator would show the same voltage at its connection
terminals, allowing the grid integration converter to perform the same control on them, without
any difference.
[Figure 1 about here.]
In general, emulation devices present some features that increase the possibilities of the testing
system where they are connected, regardless of the resource that is being represented:
• An emulator can represent any possible scenario employing the same software and hardware
devices. The experiment conditions are imposed by the user.
• Experiments performed employing emulators avoid damaging real setups. Emulators usually
include protections and securities to avoid possible problems while testing.
• Emulation allow to change the experiments time scale. For instance, long time evolution of
the real system can be concentrated in a short period of time.
• Emulators are usually smaller than the emulated real setups. This feature is interesting for
laboratory test benches where the testing space is usually limited.
• Its hardware and associated costs are usually lower in comparison to real systems.
• In certain configurations, an emulator is able to represent different resources or an aggregation
of various systems.
• The emulator output power could be scaled to a larger one if it is needed. The hardware can
be designed for a desired power level and otherwise, the software layer can scale the results
of the emulation.
As it is mentioned above, the inclusion of emulators in experimental microgrid research setups
could be interesting to test different aspects [9] as the system control, the islanding operation mode,
the grid integration of the resources by means of power electronics, the design and operation of
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microgrid energy management systems and the protection, operation and control of AC and DC
electrical microgrids, among others.
3. Emulation levels definition
Based on the emulator literature review developed, it can be stated that emulators can be
conceptually classified in different groups, defined in this work as the emulation levels. These
levels are defined based on the degree of detail employed to represent the emulated resource, not
on the software and hardware devices used for the emulation. In this section, the established
emulation levels are explained using the example microgrid layout depicted in Figure 2.
[Figure 2 about here.]
The example microgrid scheme is divided in two different current nature grids, the AC side
(black lines) where loads and conventional microgeneration are connected and the DC side (blue
lines) where the renewable generation and storage systems are placed. The connection of the
different resources to the DC microgrid part is carried out using DC/DC or AC/DC converters,
depending on the system current nature. Note also that, the nature of the AC grid is not specified,
thus it can be a single-phase, a three-phase or a multi-phase grid.
Once introduced the example layout, the emulation levels are explained, starting from the most
generalized, to the most specific ones. Basically, the development of the different levels will be
focused on the DC grid side elements of the example microgrid. It should be mentioned that
converters drawn with dashed lines are related with emulation, whereas those drawn with solid
lines are considered real elements.
3.1. Level 1: Global emulation
Figure 3 shows the most possible generic emulation of systems, defined as global emulation.
This level considers that the generation, storage and load systems connected to a certain grid
could be emulated via software (represented by a red square in Figure 3) and transformed into
an equivalent aggregated active and reactive power consumed or injected to the microgrid by a
single hardware layer. The emulator is not representing a single resource, it is representing the
aggregation of a whole system with its different subsystems connected to it.
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[Figure 3 about here.]
Therefore, the emulation system exchanges a defined amount of the power with the grid based
on the total power aggregation computed by the software layer. If it is desired, an individual
control could be applied on each resource, but it has to be implemented in the software stage of
the emulation. Experiments related with microgrid grid integration, communications, coordination
and control between different microgrids could be performed.
Note that, the green block depicted in Figure 3, corresponds to the power supply (PS) of the
emulators, needed for the system operation. Then, if the emulation system consumes energy from
the DC grid, this energy must be consumed by the PS system and on the contrary, if the emulation
is injecting power to the grid, the PS should deliver it. Therefore, the PS must be bidirectional to
accomplish the emulation system requirements. However, if the nature of the emulated system is
defined, the PS could be design to be unidirectional. Hereinafter, the PS system is depicted using
a green box connected to the emulators.
3.2. Level 2: Aggregated emulation of generation, storage and loads
This architecture consists on gathering the emulated systems by common flow direction. As it
is shown in Figure 4, three different branches can be differentiated. These branches correspond to
three emulation groups, generation, storage and loads. The emulator software layer computes the
aggregation of different resources by power flow nature, calculating the equivalent power that they
are injecting or absorbing from the grid. Then, the hardware layer, transforms this calculation
in a real power flow. The difference between this emulation level and the previous one is purely
conceptual, because the same emulation devices could perform both emulations perfectly. Again,
an specific control applied to a single resource has to be computed in the software layer, because
everything is calculated in it.
[Figure 4 about here.]
This architecture is useful for testing microgrid energy management systems, communications,
among others.
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3.3. Level 3: Resource emulation
The conceptual diagram of this emulation is shown in Figure 5. Unlike the two previous
emulation levels, this architecture dedicates an emulator device to each resource. The emulators
employed in this level are power emulators, thus they represent the power output that the real
resource system would be exchanging with the grid, under the defined conditions. Then, not
only the behavior of the resource is being emulated, but also the possible interconnection systems
between the resource and the grid. For instance, a solar panel would be emulated together with
the converter that is used for the grid integration of the energy produced. The software layer of the
emulator calculates the variables of the system and the power output that the whole real system
would be injecting under the same conditions, and the hardware layer will transform the software
calculations into real power.
[Figure 5 about here.]
The difference between this emulation level and the previous ones is again conceptual, because
the same emulator devices could be used for the three different levels. However, this architec-
ture does not allow again to perform real control of the emulated resource because the system
is based in power emulation, so if it is desired, it should be implemented in the software layer.
This emulation concept allows to perform experiments, at a resource level, related with microgrid
energy management systems, grid integration of the resources, communications between systems,
coordination, protections, among others.
3.3.1. Level 4: Specific emulation
This emulation level (Figure 6) is focused on the emulation of a resource by representing its
electrical variables. The software layer carries out the calculation of the resource variables under
the defined scenario conditions and the hardware layer applies these variables to the real system.
For instance, the operation of a PV panel could be emulated. Based on a supposed irradiance,
the software layer calculates the voltage output that the real system would be applying. Then,
the hardware layer regulates the voltage at the output terminals, to apply exactly the calculated
magnitude. Therefore, if a grid integration converter is connected to the emulator, it will not
detect any difference between the emulator and the real system if the first is properly designed.
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This fact can be observed in Figure 6 where real DC/DC converters are performing the integration
of the emulators to the real grid, in the same way as it would be connecting the real resources to
the microgrid.
[Figure 6 about here.]
There is an important difference between the emulation concept employed in this level and
the previous ones. While in emulation level 3, the emulators act as power sources; in this case,
emulators are representing mainly the resource, applying, for instance, the same voltage that the
real resource would be applying under the same conditions. Therefore, this level allows to perform
real control on the emulators, as if they were real resources. Moreover, this emulation level allows
to swap the emulator by the real emulated resource.
This emulation level defines a boundary on the conceptualization of the emulators. More
complex structures can be defined for each resource individually, but further conceptual groups
are not easy to be made. Figure 7 shows further emulation possibilities focusing on each of the
elements that compound the microgrid, starting from the emulation presented above in Figure 6
(indicated with a number 1), to the real system implementation where the emulator is substituted
by a real installation. Next, these structures are described:
• Wind energy emulation
1. Turbine-generator emulator. The emulator is designed to represent the electrical system
gathering the wind turbine and the generator.
2. Turbine emulation. The wind resource and the turbine are emulated by a motor con-
trolled by a frequency converter. The motor axis is coupled to the real (or scaled)
generator. Then, supposing a wind resource and defining the turbine blades, the torque
or the speed of the motor could be calculated and regulated by the frequency converter.
Then, the real generator could be controlled by a real converter.
3. Wind emulation. The generator and the turbine are the real ones (or a scaled version).
The wind is emulated using a fan, allowing to perform real tests with the whole setup.
4. Real wind generation system. The wind emulation system is replaced by the real re-
source.
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• Solar energy emulation
1. PV cell emulator. The emulator represents the behavior of a PV cell or a combination
of them.
2. Light emulation. The PV emulator is replaced by the real panel (or a scaled version)
and it is excited by artificial light.
3. Real PV installation. The solar emulation system is replaced by the real resource.
• Battery emulation
1. Battery emulator. The emulator represents the behavior of a battery. It could be
designed and configured to represent any type of battery.
2. Real batteries. The emulator is replaced by a real battery system.
• Electric vehicle emulation
1. Electric vehicle emulator. The electric vehicle behavior is represented by an emulator.
It can be configured as a fast or conventional charging system. It also could include not
only the electrical part, but also the communications including different protocols.
2. Real EV with fast charging capability. The EV emulator is substituted by a car with
fast charging capability.
3. Real EV with conventional battery charger. The EV emulator is substituted by a car
with a conventional charging capability.
• Flywheel emulation
1. Flywheel-generator emulator. The flywheel together with the generator behavior is
represented by an emulation system.
2. Flywheel emulator. The flywheel is emulated by a motor and a frequency converter.
The real flywheel generator (or a scaled version) is connected to the emulation motor-
frequency converter setup that will behave as the rotating mass.
3. Real flywheel. The emulator is substituted by a real flywheel.
• Fuel cell emulation
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1. Fuel cell emulation. The behavior of a fuel cell is represented by an emulation setup.
2. Real fuel cell. The fuel cell emulator is replaced by a real fuel cell.
[Figure 7 about here.]
As it is mentioned before, it is not possible to define another emulation level including the
different emulated resources. Therefore, these emulation proposals are considered inside the frame
of the specific emulation.
To conclude, it is interesting to state that researchers always can choose between the different
emulation levels proposed. Then, depending on the objectives of the experiment to be performed
and the detail of the system variables needed, an emulation level could be selected to accomplish
the specifications.
3.4. Other considerations
It should be mentioned that the emulation level does not depend on the nature of the grid where
the emulator is connected. However, the hardware of the emulator should be adapted depending
on the grid nature to perform a proper emulation. As an example, the connection of the elements
to the DC Grid, as it is shown in Figure 2, could be substituted by a connection to an AC grid
without modifying the emulation level.
The emulators power supply has been shown in all cases represented with a green box for all
the emulators. Note that, each of the emulators could include its own individual power supply.
Besides, the power supply could also be provided in DC current instead of AC as it is supposed in
the different emulation systems.
This document does not include all the systems susceptible of being emulated. For example, a
diesel generator could also be emulated properly. The analysis is focused on renewable resources,
because they are the most common emulated systems found in the literature. However, if it is
desired, the emulation level concept can be easily applied to other technologies.
4. Emulation literature review
Based on the review presented in this section, the previous emulation level definition has been
made. First, this literature analysis is focused on the platform laboratories where emulators are
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part of the platform structure. Table 1 shows the results of the literature review, classifying the
platforms emulators by its corresponding emulation level.
[Table 1 about here.]
In addition to this classification, other emulation test benches have been proposed focused on a
single resource. Table 2 shows the classification of these emulators by its corresponding emulation
level. Note that, as these devices are emulators that are representing a single resource, they can
be classified between emulation levels three and four.
[Table 2 about here.]
The information provided in Tables 1 and 2 is expanded in the appendix section, where a
detailed explanation of the laboratories and the emulators found is developed. Next, based on this
literature review, several conclusions are drawn:
• In the major part of the laboratories, emulators are combined with real elements, fact that
increases the laboratory experimental possibilities, allowing to represent scenarios that could
not be possible without an emulator.
• Laboratories are implemented using an AC grid, a DC grid or a combination of both, with
emulators connected at both sides.
• The power levels of the elements included in laboratories, either real resources or emulators,
range from 100 W to a few kilowatts.
• One of the main objectives of this type of laboratories is the validation of energy management
system strategies.
• The interconnection of several renewable energy sources within the same system is another
of the topics analyzed using microgrid laboratory platforms.
• The AC side voltage range depends on the country where the laboratory is installed, according
to the local typical voltages.
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• It can be seen that the most common emulation systems are levels three and four, because
usually a single emulator is employed to represent a single resource. However, there are
examples of emulators representing more than one system, showing that levels one and two
are also interesting structures to experiment with.
• Some of the emulators articles are focused only on the development of the emulation device.
Whereas in the rest of the reviewed articles, the emulator is used to validate new develop-
ments, acting as the real resource. This type of articles, where the emulator is used as a
validation tool, are classified in the appendix with the acronym NFE, which stands for Not
Focused on the Emulator.
• Emulators representing the same resource, employing the same emulation level, have in
common the concept of how the resource is being represented. However, the software and
hardware layers of these emulators, could be sufficiently different. For instance, many dif-
ferent PV cell emulators classified into the level 4 of emulation, are built employing various
electronic configurations. Of course, depending on the software and hardware employed, the
accuracy of the emulation results can vary.
• The hardware layer of the solar emulators reviewed is mainly built based on a DC/DC
converter or programmable DC power supply. Different proposals for the structure of the
DC/DC converter are shown to improve the transient dynamic response and the efficiency.
• Wind emulators are typically based on a 4-2 emulation level structure, in which the wind
resource and the turbine are emulated by a motor controlled by a converter. The current
nature and the power rating of the motor included in the emulation structure, depends on
the experiment.
• Fuel cell and battery emulators hardware layers are based on DC/DC converters or pro-
grammable DC power supplies. The different emulators reviewed show a level 4 emulation
structure.
• Load emulators are developed based on a DC/DC converter or a three-phase Voltage Source
Converter (VSC).
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• The electric vehicle emulator found in the literature is based on an Induction Machine (IM)
applying a defined torque to the EV motor. The emulation levels included are defined for
devices connected to microgrids. In this case, the emulator is developed to analyze the
operation of the EV, while it is not connected to the grid. Even so, it has been included in
the literature review due to the interesting test bench proposal.
• Regarding the software layer of the emulators, different elements are proposed to control
the hardware structures: Digital Signal Processors (DSP), dSPACEr systems, Field Pro-
grammable Gate Arrays (FPGA), Peripheral Interface Controllers (PICr), among other
controllers.
• Typically, emulators are custom systems built in the laboratory. However, commercial emu-
lators, to represent the behavior of PV panels and fuel cells, are available.
The previous points summarize the findings of a selection of the emulation structures present
in the literature. Of course, other emulator topologies can be developed, based on the testing
requirements.
5. Microgrid platform based on emulators
In this section, as an example of the possibilities that the emulation systems offer, a complete
microgrid including generation, storage and load systems is built only employing emulation devices.
It is compounded by three different emulators connected to the same AC grid, a PV generation
system emulator, a battery emulator and a load emulator, as it is shown in Figure 8. Figure 9
shows a picture of the setup, where the actual emulators are installed.
Note that, the emulators are connected to a single-phase AC grid, unlike in previous sections,
where the description of the different emulation levels is developed considering that emulators are
connected to the DC grid. However, as it is mentioned in Section 3, the emulation level is preserved
regardless of the nature of the grid to which the emulator is connected. It can also be seen that
the PS of the emulators is a single 6 kVA bidirectional converter, for the three emualators.
[Figure 8 about here.]
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[Figure 9 about here.]
Next, a brief description of each emulator behavior is detailed:
• The PV generation [Emulation level 3]. It is emulating the photovoltaic module together with
the control converter. The emulator software is considering that the PV module is operated
at the Maximum Power Point (MPP). Then, defining the PV characteristics, introducing the
system geographical location and loading the scenario irradiance and temperature temporal
data, the software emulation part is able to calculate the power generated PMPP by each
panel and the total power injected to the grid [10]:
PMPP = VMPP · IMPP
VMPP = VMPP0 · ln(G)
ln(G0)
· (1 + kv · (Tp − Tp,0))
IMPP = IMPP0 · G
G0
· (1 + ki · (Tp − Tp,0))
(1)
where, G and Tp are the irradiance and the panel temperature (temporal data input) and
VMPP0, IMPP0, G0 and Tp,0 are the solar panel parameters at the Standard Test Conditions
(STC). Also, it should be mentioned that the whole system is assumed to have zero losses.
Anyhow, the efficiency of the inverter could be straightforwardly included in the model.
• Load emulator [Emulation level 2]. It is programed to consume from the grid a programmed
active power with a certain power factor (PF) emulating a couple of real loads.
• Battery emulator [Emulation level 3]. The emulator represents the battery together with
its corresponding charging/discharging converter. The system is controlled to absorb or
inject power when it is required. This implementation does not consider losses within the
system. However, the battery and converter efficiencies can be straightforwardly included in
the model.
The emulators power rating is 1.5 kVA, but the emulation results can be scaled to represent larger
power scenarios. Next section shows two different experimental case studies performed on the
microgrid, to validate the emulator performance inside the system. The first one is focused on the
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time range of milliseconds, whereas the second one shows the operation of the platform during
longer emulations.
5.1. Microgrid scenario 1 description
This experiment is focused on the range of hundreds of milliseconds, to demonstrate the op-
eration of the emulators within this time frame. The electrical scheme configuration is shown in
Figure 10 and the experimental scenario conditions are:
• Load emulator. It starts consuming 500 W from the grid with a 0.9 power factor and changes
to 1200 W with the same power factor.
• PV emulator. It is injecting constantly 900 W due to an irradiance of 600 W/m2.
• Battery emulator. It is operated to achieve the goal of zero active and reactive power exchange
between the main AC grid and the microgrid during the test.
Figure 11 shows an oscilloscope capture of the system currents. The currents measured are
the PV current (magenta), the load current (blue), the battery current (green) and the main
grid current (yellow) (see Figure 10 for the color code). It can be observed that during the first
part of the test, the microgrid is exchanging zero energy with the grid (the current flowing to
the grid is almost zero). This fact is achieved because the PV generation is enough to feed the
load, so the excess of power is being stored in the battery. When the load changes its value to a
higher one, transiently, it can be seen that the grid feeds it because the PV installation does not
produce enough power to do it. However, a few milliseconds later, the battery starts to inject the
extra amount of active and reactive power to compensate the extra load consumption, in order to
maintain the objective of exchanging zero active and reactive power with the grid.
[Figure 10 about here.]
[Figure 11 about here.]
In this case, the power references for the battery operation are calculated off-line and changed
manually during the test, acting as the energy manager would need to do, to maintain the power
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exchange with the grid set to zero. A real energy management system could be included to control
the state of charge of the battery, in order to achieve the same goal or others, autonomously.
It can be stated that the employed emulators show a proper behavior during the experiments,
both in steady state and during transients, representing the emulated resources accurately.
5.2. Microgrid scenario 2 description
This second experiment is designed to show the behavior of the emulators during a longer run
test. The electrical scheme configuration is shown in Figure 12 and the experimental scenario
conditions are:
• Load emulator. It is consuming active power from the AC grid, following the predefined
profile shown in Fig. 13a.
• PV emulator. Based on experimental irradiance measured in field tests, the PV emulator
injects to the grid the equivalent amount of power that the a real installation would be
injecting under the same conditions. The power profile generated by the PV system software
emulator layer is shown in Fig. 13b.
• Battery emulator. It is operated to achieve the goal of zero active power exchange between
the grid and the microgrid during the test.
• Test duration: 8 hours compressed in 8 minutes, applying the accelerated emulation with a
factor of 60.
• Power level: The power profiles shown in Fig. 13 are properly adapted to the range of
the emulators power hardware layer. The output results are rescaled back to their real
magnitudes.
Once the power profiles for the PV array emulator and the load are calculated in the software
layer of both emulators, the corresponding hardware layers inject/absorb to/from the AC grid
the calculated power. Regarding the battery emulator, its software layer measures the injected
power by the PV and the consumed power by the load, and it calculates in real time the power to
exchange with the microgrid in order to maintain the zero power flow to the grid.
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Thanks to the emulators, the platform also offers the possibility of accelerating the emulation.
Then, a 500 minutes experiment can be carried out in 500 seconds applying an acceleration factor
of 60. This experiment could be extended to include results for several days or months, if large
temporal data for the PV emulator were available.
[Figure 12 about here.]
[Figure 13 about here.]
Fig. 14 and Fig. 15 show the obtained results of the proposed emulation scenario. Specifically,
Fig. 14 shows an oscilloscope capture of the emulators phase currents flowing through the system.
The color code for the currents is consistent with the previous scenario (see Figure 12). Note that,
as the duration of the experiment has been accelerated, 500 min are represented in 500 s (Scope
scale: 50 s/div, 10 divisions). The system currents reflect the power variations imposed by the
hardware layers of the emulators, which are tracking the corresponding power profiles. However,
this scope capture is not illustrative enough to understand the system behavior, as it does not
show the real power flowing through the system.
In order to better understand its operation, the average real power calculation of the power
flowing through each of the emulators is shown in Fig. 15. For the sake of clarity, as single phase
converters exchange an oscillating power with the AC grid, only the average component of the
power is shown. It can be observed that the hardware layer of the PV and Load emulators is
able to inject/absorb power, tracking the power profiles calculated by the software layers. In this
experiment, the power reference for the emulators is refreshed every 5 seconds. This value could
be reduced to smaller values to improve the power reference tracking. Regarding the battery
emulator, during the experiment it is able to compensate the energetic balance with the main grid,
absorbing power when there is PV power excess (inverval between 250-300 s) and injecting power
when the load consumes more power than the PV generated power (inverval between 25-60 s), in
order to maintain the zero exchange power with the grid.
[Figure 14 about here.]
[Figure 15 about here.]
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5.3. Experimental microgrid discussion
The microgrid structure presented is based on three different elements, a PV array, a battery
and a load emulator of 1.5 kVA rated power each, connected to a single phase AC grid. Other
microgrid laboratory proposals, shown in the literature review, include the same resources, either
represented only by means of emulators [11] or in a combination of real elements and emulators
[8, 12, 13, 14, 15, 16]. The connection to a single-phase system is considered in the proposed
platform, due to the reduced power and voltage levels defined for the emulators. Moreover, the
connection of generation, storage and loads to a single-phase system could represent a possible
microgrid installed in a conventional house or flat, which is interesting to be analyzed, as the
power distribution grid could evolve to include this type of systems. According to the literature,
laboratories are mainly focused on analyzing hybrid systems combining three-phase AC and DC
grids within the same microgrid [8, 13, 17, 18, 19, 15, 20], even considering a single-phase AC side
connection [14, 16]. Other authors, focus their studies either on systems connected to a three-phase
AC grid [7, 11, 21], or to a DC grid [12]. Of course, the laboratory microgrid structure can vary
depending on the objectives of the study to be performed.
Regarding the experimental possibilities, the proposed emulation platform includes emulators
based on levels 2 and 3 (power level representation of the resources). This type of emulators
are not representing the resource variables in detail, but they are behaving equivalently in terms
of power flow, being able to carry out experiments related to the highest control levels of the
microgrid, as the implementation and testing of energy managers, communications between the
different elements, interaction between devices, among others. Based on the literature review, it
can be stated that the majority of the laboratories are also developed to implement and study
issues related to the energy management system, instead of focusing on a single resource.
Also, as the three emulators of the proposed test bench are based on the same topology,
the software layer could be modified to emulate other type of resources. This possibility is also
described in [7, 11, 12, 18, 15, 20], whereas the other laboratories include more specific emulators,
designed for representing a single resource.
Focusing on the PV emulation results, among the laboratories that include a PV emulator,
only [11, 12, 15] include a level 3 PV emulator structure, corresponding to an emulator operated
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in power mode. Comparing the obtained results in the second experiment, to the results shown in
[11] and [12], it can be seen that the PV emulated power output profile, obtained in all cases, is
quite similar, as it is calculated based on real measurements.
Regarding the battery emulator, the majority of the laboratories include real lead acid battery
banks, instead of an emulator. Only [7] and [11] include a level 3 battery emulator, as in the
presented microgrid. However, [7] and [11] include the calculation of the battery state of charge,
whereas in the proposed microgrid this calculation is not included in the experiments.
The load representation within the microgrid laboratories is carried out using either real systems
or emulators. Laboratories [14, 17, 15, 20] use real loads, [7, 11, 12, 13, 18, 19] and the presented
microgrid, include load emulators, and others incorporate a combination of both [8, 16].
Focusing on the acceleration capability of the proposed platform, in [12] the experiment time
is accelerated to reduce the experimental test duration, as in the second experiment proposed.
In summary, the proposed platform based on emulators include valuable features for the de-
velopment experiments related with single-phase microgrids, showing similarities and differences
compared to other laboratories found in the literature.
6. Appendix
In this section, an analysis of the different laboratories and emulators presented in Section 4
and classified in Tables 1 and 2 is performed. Tables 3, 4 and 5 describe the different laboratories
found in the literature and Tables from 6 to 15, detail the different emulators proposed for the
analyzed resources.
[Table 3 about here.]
[Table 4 about here.]
[Table 5 about here.]
[Table 6 about here.]
[Table 7 about here.]
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[Table 8 about here.]
[Table 9 about here.]
[Table 10 about here.]
[Table 11 about here.]
[Table 12 about here.]
[Table 13 about here.]
[Table 14 about here.]
[Table 15 about here.]
Besides, Fig. 16 shows a world map including the location of the different emulators reviewed,
classified by resource. Also, the location of the laboratories is included. Some of the articles do
not exactly clarify where the system is installed. In this case, the location is defined based on the
affiliation of the corresponding author.
[Figure 16 about here.]
7. Conclusion
In this work, a review of the emulation systems available for different resources is developed.
First, based on the literature analysis performed the emulation concept is defined, differentiating
four emulation levels based on the emulation characteristics. Next, features and possibilities of each
of these levels are explained through an example microgrid. Then, the literature review results,
of the laboratory platforms and emulation test benches classified by resource and emulation level,
are shown. Finally, a small scale microgrid research laboratory platform based on emulators is
presented in order to show the proper performance and the possibilities of the emulators. This
literature review, along with its classification by emulation levels, could be a useful guide during
the design stage of an experiment including emulation systems.
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Figure 11: Currents flowing through the emulators - PV (magenta) - Load (blue) - Battery (green) - Grid (yellow)
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Figure 12: Scenario 2 - Scheme and physical implementation of the platform
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Figure 14: Currents flowing through the emulators - PV (magenta) - Load (blue) - Battery (green)
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Table 1: Classification by emulation levels of the laboratory platform emulators found in the literature
Reference Wind PV Fuel Cell Battery EV Flywheel Load demand
[7] 3 - - 3 - - 3
[8] - 4 4 Real - - Real, 3
[11] 3 3 - 3 - - 3
[12] 3 3 Real Real - - 3
[13] - Real - Real - - 2
[14] - 4 Real Real - - Real
[21] - - Real Real - - 3
[17] 3 3 - - - - Real
[18] 1 1 1 1 - - 3
[19] 4 - - Real - - 3
[15] 4 3 3 Real - 4 Real
[16] 4 4 - Real - - Real, 3
[20] 2 2 2 - - - Real
47
Table 2: Classification by emulation levels of the emulation test benches found in the literature
Emulated resource Level 3 Level 4
Solar power -
[22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], [32], [33]
Wind power -
[34], [35], [36], [37], [38], [39], [40],
[41], [42], [43], [44], [45], [46], [47],
[48], [49], [50], [51], [52], [53], [54],
[55], [56], [57], [58]
Fuel cell - [59], [60], [61], [62] ,[63], [64], [65]
Battery - [66], [67], [68], [69], [70]
Load [71], [72] [73]
Electric vehicle - [74]
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si
st
iv
e
lo
a
d
s
·T
w
o
d
ro
o
p
-c
o
n
tr
o
l
in
v
er
te
rs
to
em
u
la
te
re
n
ew
a
b
le
so
u
rc
es
A
C
si
d
e:
N
o
t
sp
ec
ifi
ed
D
C
si
d
e:
7
5
0
V
[1
8
]
E
in
d
h
o
v
en
,
T
h
e
N
et
h
er
-
la
n
d
s
2
0
1
1
D
ep
a
rt
m
en
t
o
f
E
le
ct
ri
ca
l
E
n
g
in
ee
r-
in
g
,
E
in
d
h
o
v
en
U
n
iv
er
si
ty
o
f
T
ec
h
n
o
lo
g
y
B
u
il
d
in
g
a
n
d
co
n
tr
o
ll
in
g
a
se
ri
es
-p
a
ra
ll
el
co
n
v
er
te
r
fo
r
g
ri
d
-i
n
te
rf
a
ci
n
g
p
u
rp
o
se
s
to
im
p
ro
v
e
th
e
co
n
n
ec
ti
o
n
o
f
d
is
tr
ib
u
te
d
g
en
er
a
ti
o
n
to
th
e
g
ri
d
.
T
h
e
co
n
tr
o
l
o
f
th
is
co
n
v
er
te
r,
b
a
se
d
o
n
a
m
u
lt
il
ev
el
te
ch
n
iq
u
e,
is
a
b
le
to
h
a
n
d
le
v
o
lt
a
g
e
d
is
tu
rb
a
n
ce
s
a
n
d
to
co
m
p
en
sa
te
h
a
rm
o
n
ic
cu
rr
en
ts
.
T
h
e
em
u
la
to
rs
a
ll
o
w
to
v
a
li
d
a
te
th
e
co
rr
ec
t
ca
p
a
ci
ti
es
o
f
th
e
se
ri
es
-p
a
ra
ll
el
co
n
v
er
te
r
d
es
cr
ib
ed
.
·A
C
m
ic
ro
g
ri
d
·A
se
ri
es
-p
a
ra
ll
el
co
n
v
er
te
r
co
m
p
o
se
d
b
y
tw
o
th
re
e-
p
h
a
se
co
n
v
er
te
rs
w
it
h
fo
u
r-
le
g
IG
B
T
m
o
d
u
le
s.
O
n
e
co
n
v
er
te
r
is
th
e
se
ri
es
in
v
er
te
r
a
n
d
th
e
o
th
er
o
n
e
is
th
e
sh
u
n
t
in
v
er
te
r.
·C
o
m
b
in
a
ti
o
n
o
f
em
u
la
to
rs
(g
ri
d
,
lo
a
d
a
n
d
re
n
ew
a
b
le
em
u
la
to
rs
)
w
it
h
th
e
re
a
l
se
ri
es
-p
a
ra
ll
el
co
n
v
er
te
r
E
m
u
la
te
d
lo
a
d
s:
·O
n
e
n
o
n
li
n
ea
r
p
ro
g
ra
m
m
a
b
le
lo
a
d
em
u
la
to
r
·O
n
e
p
ro
g
ra
m
m
a
b
le
g
ri
d
em
u
la
to
r
·O
n
e
D
C
so
u
rc
e
a
s
a
re
n
ew
a
b
le
so
u
rc
e
em
u
la
to
r
A
C
si
d
e:
4
0
0
V
(3
p
h
)
D
C
si
d
e:
7
5
0
V
[1
9
]
B
ra
s¸o
v
,
R
o
m
a
n
ia
2
0
1
1
D
ep
a
rt
m
en
t
o
f
E
le
ct
ri
ca
l
E
n
g
in
ee
r-
in
g
,
T
ra
n
si
lv
a
n
ia
U
n
iv
er
si
ty
o
f
B
ra
s¸o
v
D
ev
el
o
p
m
en
t
a
n
d
im
p
le
m
en
ta
ti
o
n
o
f
a
n
a
g
g
re
g
a
te
lo
a
d
-f
re
q
u
en
cy
co
n
tr
o
ll
er
fo
r
a
u
to
n
o
m
o
u
s
m
ic
ro
g
ri
d
s
to
te
st
it
in
a
la
b
o
ra
to
ry
m
ic
ro
g
ri
d
w
it
h
a
w
in
d
a
n
d
m
ic
ro
-h
y
d
ro
em
u
la
to
rs
.
·A
C
m
ic
ro
g
ri
d
·C
o
m
b
in
a
ti
o
n
o
f
em
u
la
to
rs
a
n
d
re
a
l
el
em
en
ts
·M
ic
ro
-h
y
d
ro
a
n
d
w
in
d
em
u
la
to
rs
in
je
ct
th
e
p
o
w
er
d
ir
ec
tl
y
to
th
e
m
ic
ro
g
ri
d
w
it
h
o
u
t
p
o
w
er
co
n
v
er
te
rs
·T
h
e
el
ec
tr
o
n
ic
lo
a
d
co
n
tr
o
ll
er
re
g
u
la
te
s
th
e
m
ic
ro
g
ri
d
fr
eq
u
en
cy
.
It
is
b
a
se
d
o
n
co
n
tr
o
ll
a
b
le
lo
a
d
s
a
n
d
a
b
a
tt
er
y
·E
m
u
la
to
rs
b
a
se
d
in
h
a
rd
w
a
re
-i
n
-t
h
e-
lo
o
p
te
ch
n
iq
u
es
R
ea
l
el
em
en
t:
·L
ea
d
-a
ci
d
b
a
tt
er
y
(6
0
V
/
2
6
A
h
)
E
m
u
la
te
d
lo
a
d
:
·T
h
e
lo
a
d
(6
k
W
)
co
n
si
st
s
in
a
p
o
w
er
co
n
v
er
te
r
co
n
n
ec
te
d
to
a
re
si
st
o
rs
b
en
ch
·W
in
d
em
u
la
to
r
is
a
n
in
d
u
ct
io
n
m
a
ch
in
e
w
it
h
a
v
ec
to
r
co
n
tr
o
ll
ed
in
v
er
te
r
th
a
t
em
u
la
te
s
th
e
w
in
d
a
n
d
it
is
m
ec
h
a
n
ic
a
ll
y
co
n
n
ec
te
d
to
a
n
in
d
u
ct
io
n
g
en
er
a
to
r
(2
.2
k
W
)
·M
ic
ro
-h
y
d
ro
em
u
la
to
r
h
a
s
a
ls
o
a
in
d
u
ct
io
n
m
a
ch
in
e
to
m
im
ic
th
e
m
ec
h
a
n
ic
a
l
re
q
u
ir
em
en
ts
o
f
th
e
m
ic
ro
-h
y
d
ro
tu
rb
in
e.
It
is
co
n
n
ec
te
d
to
a
sy
n
ch
ro
n
o
u
s
g
en
er
a
to
r
(5
k
V
A
)
A
C
si
d
e:
4
0
0
V
(3
p
h
)
D
C
si
d
e:
6
0
V
50
T
a
b
le
5
:
L
a
b
o
ra
to
ri
es
re
v
ie
w
-
P
a
rt
II
I
R
e
f.
L
o
c
a
ti
o
n
Y
e
a
r
O
w
n
e
r
O
b
je
c
ti
v
e
s
S
y
st
e
m
d
e
sc
r
ip
ti
o
n
G
e
n
e
r
a
ti
o
n
e
m
u
la
to
r
s
V
o
lt
a
g
e
r
a
n
g
e
s
[1
5
]
M
ia
m
i,
U
S
A
2
0
1
0
E
n
er
g
y
S
y
st
em
s
R
es
ea
rc
h
L
a
b
o
ra
to
ry
,
F
lo
ri
d
a
In
-
te
rn
a
ti
o
n
a
l
U
n
iv
er
si
ty
D
ev
el
o
p
m
en
t
a
n
d
im
p
le
m
en
ta
ti
o
n
o
f
a
m
ic
ro
g
ri
d
la
b
o
ra
to
ry
w
it
h
em
u
la
te
d
d
is
tr
ib
u
te
d
so
u
rc
es
a
n
d
co
n
v
en
ti
o
n
a
l
p
o
w
er
p
la
n
ts
in
a
sm
a
rt
g
ri
d
fr
a
m
ew
o
rk
.
T
h
e
la
b
o
ra
to
ry
a
ll
o
w
s
to
ex
p
er
im
en
t
w
it
h
:
th
e
in
te
ra
ct
io
n
b
et
w
ee
n
v
a
ri
o
u
s
so
u
rc
es
a
n
d
lo
a
d
s,
sy
st
em
p
ro
te
ct
io
n
s,
m
u
lt
i-
a
g
en
t
b
a
se
d
co
n
tr
o
ll
er
s,
co
m
m
u
n
ic
a
ti
o
n
s,
se
n
so
r
co
o
rd
in
a
ti
o
n
a
n
d
m
ic
ro
g
ri
d
o
p
er
a
ti
o
n
co
n
si
d
er
in
g
ec
o
n
o
m
ic
d
is
p
a
tc
h
a
n
d
u
n
it
co
m
m
it
m
en
t.
A
ls
o
,
th
e
m
ic
ro
g
ri
d
is
u
se
d
fo
r
ed
u
ca
ti
o
n
a
l
p
u
rp
o
se
s.
·A
C
/
D
C
h
y
b
ri
d
m
ic
ro
g
ri
d
·C
o
m
b
in
a
ti
o
n
o
f
em
u
la
to
rs
a
n
d
re
a
l
el
em
en
ts
·E
m
u
la
to
rs
a
re
re
a
l
ti
m
e
h
a
rd
w
a
re
-i
n
-t
h
e-
lo
o
p
m
o
d
el
s
b
a
se
d
o
n
d
S
P
A
C
E
r
·T
h
e
sy
st
em
em
p
lo
y
s
a
m
u
lt
i
a
g
en
t
p
la
tf
o
rm
·T
h
e
m
ic
ro
g
ri
d
m
a
n
a
g
em
en
t
sy
st
em
is
im
p
le
m
en
te
d
in
L
a
b
V
ie
w
r
R
ea
l
el
em
en
ts
:
·B
a
tt
er
y
b
a
n
k
(8
k
W
)
in
th
e
D
C
si
d
e
·T
w
o
lo
a
d
s
o
f
1
0
k
V
A
w
it
h
in
d
u
ct
io
n
m
a
ch
in
es
,
sy
n
ch
ro
n
o
u
s
m
o
to
rs
a
n
d
lo
a
d
b
o
x
es
·O
n
e
a
u
x
il
ia
ry
lo
a
d
a
n
d
g
en
er
a
ti
o
n
sy
st
em
o
f
1
0
k
V
A
w
it
h
tw
o
in
d
u
ct
io
n
m
a
ch
in
es
,
a
sy
n
ch
ro
n
o
u
s
m
o
to
r
a
n
d
a
D
C
m
a
ch
in
e
·W
in
d
em
u
la
to
r
(0
.2
5
k
W
)
·P
V
em
u
la
to
r
(6
k
W
)
in
th
e
D
C
si
d
e
·F
ly
w
h
ee
ls
m
o
d
el
(2
.2
k
W
)
in
th
e
D
C
si
d
e
·M
ic
ro
tu
rb
in
e
em
u
la
to
r
in
th
e
A
C
si
d
e
·5
p
o
w
er
p
la
n
t
em
u
la
to
rs
(4
A
C
m
a
ch
in
es
a
n
d
1
D
C
m
a
ch
in
e)
w
it
h
a
to
ta
l
p
o
w
er
o
f
2
1
k
V
A
in
th
e
A
C
si
d
e
A
C
si
d
e:
2
0
8
V
(3
p
h
)
D
C
si
d
e:
1
2
0
V
[1
6
]
T
u
n
is
,
T
u
n
is
ia
2
0
1
0
L
a
b
o
ra
to
ry
o
f
E
le
ct
ri
ca
l
S
y
st
em
s
(L
S
E
),
E
N
IT
Im
p
le
m
en
ta
ti
o
n
a
n
d
te
st
in
g
o
f
a
la
b
o
ra
to
ry
m
ic
ro
g
ri
d
w
it
h
a
ce
n
tr
a
l
in
v
er
te
r
a
n
d
it
s
en
er
g
y
m
a
n
a
g
em
en
t
sy
st
em
to
d
em
o
n
st
ra
te
th
e
ca
p
a
b
il
it
y
o
f
th
e
in
v
er
te
r
to
o
p
er
a
te
in
is
la
n
d
in
g
a
n
d
co
n
n
ec
te
d
m
o
d
e.
·D
C
m
ic
ro
g
ri
d
·C
o
m
b
in
a
ti
o
n
o
f
em
u
la
to
rs
a
n
d
re
a
l
el
em
en
ts
·W
in
d
a
n
d
p
h
o
to
v
o
lt
a
ic
em
u
la
to
r
co
n
n
ec
te
d
in
th
e
D
C
si
d
e
th
ro
u
g
h
p
o
w
er
co
n
v
er
te
rs
·T
h
e
en
er
g
y
m
a
n
a
g
em
en
t
sy
st
em
co
n
tr
o
ls
th
e
g
en
er
a
ti
o
n
a
n
d
th
e
st
o
ra
g
e
·T
h
e
D
C
si
d
e
is
co
n
n
ec
te
d
to
th
e
A
C
si
d
e
th
ro
u
g
h
a
n
in
v
er
te
r
ca
p
a
b
le
to
o
p
er
a
te
in
co
n
n
ec
te
d
a
n
d
is
la
n
d
in
g
m
o
d
e
R
ea
l
el
em
en
t:
·T
h
e
b
a
tt
er
y
b
a
n
k
is
a
re
a
l
4
se
ri
a
l
le
a
d
-a
ci
d
b
a
tt
er
y
o
f
1
2
V
a
n
d
3
8
A
h
p
er
b
a
tt
er
y
·A
C
lo
a
d
a
s
a
m
ic
ro
g
ri
d
lo
ca
l
lo
a
d
E
m
u
la
te
d
lo
a
d
:
·G
ri
d
em
u
la
to
r
a
ct
in
g
a
s
g
en
er
a
to
r
a
n
d
a
s
a
lo
a
d
·W
in
d
em
u
la
to
r
is
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
w
it
h
a
d
ir
ec
t
d
ri
v
en
p
er
m
a
n
en
t-
m
a
g
n
et
sy
n
ch
ro
n
o
u
s
g
en
er
a
to
r
o
f
6
0
0
W
w
it
h
a
d
io
d
e
re
ct
ifi
er
a
n
d
a
D
C
/
D
C
b
u
ck
co
n
v
er
te
r
·P
V
em
u
la
to
r
is
a
p
ro
g
ra
m
m
a
b
le
v
o
lt
a
g
e
so
u
rc
e
(4
0
0
W
)
A
C
si
d
e:
2
3
0
V
(1
p
h
)
D
C
si
d
e:
4
8
V
[2
0
]
H
si
n
ch
u
,
T
a
iw
a
n
2
0
0
9
D
ep
a
rt
m
en
t
o
f
E
le
ct
ri
ca
l
E
n
g
in
ee
r-
in
g
,
N
a
ti
o
n
a
l
T
si
n
g
H
u
a
U
n
iv
er
si
ty
Im
p
le
m
en
ta
ti
o
n
a
n
d
v
a
li
d
a
ti
o
n
o
f
a
d
ro
o
p
co
n
tr
o
l
fo
r
im
b
a
la
n
ce
co
m
p
en
sa
ti
o
n
,
in
a
la
b
o
ra
to
ry
m
ic
ro
g
ri
d
.
It
in
cl
u
d
es
a
co
m
p
a
ri
so
n
b
et
w
ee
n
is
la
n
d
in
g
a
n
d
g
ri
d
-c
o
n
n
ec
te
d
m
o
d
es
.
·A
C
m
ic
ro
g
ri
d
·C
o
m
b
in
a
ti
o
n
o
f
em
u
la
to
rs
a
n
d
re
a
l
el
em
en
ts
·T
w
o
p
o
w
er
co
n
v
er
te
rs
to
em
u
la
te
re
n
ew
a
b
le
so
u
rc
es
co
n
n
ec
te
d
to
th
e
g
ri
d
w
it
h
a
n
im
b
a
la
n
ce
d
lo
a
d
R
ea
l
el
em
en
ts
:
·O
n
e
R
-L
lo
a
d
co
n
n
ec
te
d
b
et
w
ee
n
p
h
a
se
s
A
a
n
d
B
(7
.8
k
W
)
·O
n
e
R
-L
lo
a
d
co
n
n
ec
te
d
b
et
w
ee
n
p
h
a
se
s
B
a
n
d
C
(8
.2
k
W
)
to
em
u
la
te
im
b
a
la
n
ce
s
·T
w
o
em
u
la
to
rs
b
a
se
d
o
n
th
re
e-
p
o
le
in
v
er
te
rs
A
C
si
d
e:
2
2
0
V
(3
p
h
)
D
C
si
d
e:
3
8
0
V
51
T
a
b
le
6
:
S
o
la
r
em
u
la
to
r
re
v
ie
w
-
P
a
rt
I
R
e
f.
L
o
c
a
ti
o
n
Y
e
a
r
T
y
p
e
O
b
je
c
ti
v
e
s
S
y
st
e
m
d
e
sc
r
ip
ti
o
n
M
a
in
fi
n
d
in
g
s
[2
2
]
B
la
ck
sb
u
rg
,
U
S
A
2
0
1
4
P
V
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
h
ig
h
effi
ci
en
cy
P
V
em
u
la
to
r
w
it
h
a
re
d
u
ce
d
o
u
tp
u
t
ri
p
p
le
.
S
ta
ti
c
a
n
d
d
y
n
a
m
ic
em
u
la
ti
o
n
is
co
n
-
si
d
er
ed
u
n
d
er
d
iff
er
en
t
lo
a
d
s
a
n
d
en
v
i-
ro
n
m
en
ta
l
co
n
d
it
io
n
s,
in
cl
u
d
in
g
p
a
rt
ia
l
sh
a
d
in
g
a
n
d
b
y
p
a
ss
d
io
d
es
eff
ec
ts
.
T
h
e
em
u
la
to
r
is
b
a
se
d
o
n
a
n
A
C
/
D
C
re
ct
ifi
er
co
m
b
in
ed
w
it
h
a
n
in
te
rl
ea
v
ed
D
C
/
D
C
b
u
ck
co
n
v
er
te
r,
co
n
tr
o
ll
ed
b
y
a
D
ig
it
a
l
S
ig
n
a
l
P
ro
-
ce
ss
o
r
(D
S
P
)
b
o
a
rd
.
E
x
p
er
im
en
ta
l
te
st
s
v
a
li
d
a
te
th
e
sy
st
em
d
es
ig
n
,
sh
o
w
in
g
a
h
ig
h
effi
ci
en
cy
b
es
id
es
a
fa
st
tr
a
n
-
si
en
t
re
sp
o
n
se
.
[2
3
]
S
a
o
P
a
u
lo
,
B
ra
zi
l
2
0
1
3
P
V
L
ev
el
4
,
N
F
E
A
n
a
ly
ze
th
e
o
p
er
a
ti
o
n
o
f
d
iff
er
en
t
M
a
x
im
u
m
p
o
w
er
p
o
in
t
tr
a
ck
in
g
(M
P
P
T
)
a
lg
o
ri
th
m
s
to
b
e
a
p
p
li
ed
to
P
V
p
a
n
el
s.
T
h
e
P
V
a
rr
a
y
is
em
u
la
te
d
b
y
a
co
m
m
er
ci
a
l
A
g
-
il
en
t
S
o
la
r
A
rr
a
y
E
4
3
5
0
B
si
m
u
la
to
r,
w
h
ic
h
ca
n
b
e
p
ro
g
ra
m
m
ed
w
it
h
a
se
t
o
f
ir
ra
d
ia
ti
o
n
a
n
d
te
m
p
er
a
tu
re
cu
rv
es
,
cr
ea
ti
n
g
p
o
w
er
p
ro
fi
le
s.
T
h
e
D
C
/
D
C
co
n
v
er
te
r
a
p
p
ly
in
g
th
e
M
P
P
T
s
is
co
n
n
ec
te
d
to
th
e
em
u
la
to
r.
A
co
m
p
a
ri
so
n
b
et
w
ee
n
th
e
m
o
st
ty
p
ic
a
l
M
P
P
T
a
lg
o
ri
th
m
s:
F
ix
ed
D
u
ty
C
y
cl
e,
C
o
n
st
a
n
t
V
o
lt
-
a
g
e
M
et
h
o
d
,
M
P
P
L
o
cu
s
C
h
a
ra
ct
er
iz
a
ti
o
n
,
P
er
tu
rb
&
O
b
se
rv
e
(P
&
0
)
a
n
d
P
&
O
b
a
se
d
o
n
P
I,
IC
a
n
d
IC
B
a
se
d
o
n
P
I,
b
et
a
m
et
h
o
d
,
S
y
s-
te
m
O
sc
il
la
ti
o
n
a
n
d
R
ip
p
le
C
o
rr
el
a
ti
o
n
a
n
d
T
em
p
er
a
tu
re
M
et
h
o
d
is
sh
o
w
n
.
[2
4
]
T
a
ip
ei
,
T
a
iw
a
n
2
0
1
3
P
V
L
ev
el
4
S
tu
d
y
a
n
d
b
u
il
d
a
p
ro
g
ra
m
m
a
b
le
em
-
u
la
to
r
fo
r
P
V
p
a
n
el
s
to
o
p
er
a
te
b
a
se
d
o
n
a
u
n
if
o
rm
so
la
r
il
lu
m
in
a
ti
o
n
m
o
d
el
.
B
es
id
es
,
a
p
a
rt
ia
ll
y
sh
a
d
ed
m
o
d
el
,
co
n
-
si
d
er
in
g
tw
o
P
V
m
o
d
u
le
s
co
n
n
ec
te
d
ei
-
th
er
in
se
ri
es
o
r
in
p
a
ra
ll
el
,
is
a
ls
o
st
u
d
-
ie
d
.
A
D
C
/
D
C
b
u
ck
co
n
v
er
te
r
co
n
tr
o
ll
ed
b
y
a
D
S
P
is
u
se
d
to
re
p
re
se
n
t
th
e
p
h
y
si
ca
l
m
o
d
el
s
o
f
th
e
p
h
o
to
v
o
lt
a
ic
p
a
n
el
s.
S
o
la
r
il
lu
m
in
a
ti
o
n
a
n
d
a
m
b
ie
n
t
te
m
p
er
a
tu
re
ca
n
b
e
se
t
to
re
p
-
re
se
n
t
th
e
b
eh
a
v
io
r
o
f
a
P
V
p
a
n
el
co
n
si
d
er
in
g
d
u
st
p
o
ll
u
ti
o
n
eff
ec
ts
,
cl
o
u
d
s
sh
a
d
in
g
o
r
so
la
r
o
b
li
q
u
e
in
ci
d
en
ce
,
a
ll
o
w
in
g
to
re
p
re
se
n
t
d
iff
er
-
en
t
sc
en
a
ri
o
s.
T
h
e
em
u
la
to
r
b
eh
a
v
io
r
is
co
m
p
a
re
d
to
a
n
a
c-
tu
a
l
P
V
p
a
n
el
sh
o
w
in
g
si
m
il
a
r
V
/
P
ch
a
ra
ct
er
-
is
ti
cs
,
u
n
d
er
u
n
if
o
rm
so
la
r
il
lu
m
in
a
ti
o
n
co
n
-
d
it
io
n
s.
B
es
id
es
,
se
ri
es
/
p
a
ra
ll
el
a
ss
o
ci
a
ti
o
n
o
f
P
V
m
o
d
u
le
s
ca
n
b
e
re
p
re
se
n
te
d
a
lo
n
g
w
it
h
d
if
-
fe
re
n
t
so
la
r
il
lu
m
in
a
ti
o
n
sc
en
a
ri
o
s.
[2
5
]
K
a
o
h
si
u
n
g
,
T
a
iw
a
n
2
0
1
3
P
V
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
P
V
a
rr
a
y
em
u
la
to
r
b
a
se
d
o
n
a
L
L
C
re
so
n
a
n
t
D
C
/
D
C
co
n
-
v
er
te
r,
to
a
ch
ie
v
e
h
ig
h
sy
st
em
effi
ci
en
-
ci
es
.
T
h
e
em
u
la
to
r
to
p
o
lo
g
y
is
a
D
C
/
D
C
co
n
v
er
te
r,
co
m
p
o
u
n
d
ed
o
f
a
L
L
C
re
so
n
a
n
t
in
v
er
te
r,
co
n
-
n
ec
te
d
to
a
cu
rr
en
t-
d
ri
v
en
tr
a
n
sf
o
rm
er
w
it
h
a
ce
n
te
r-
ta
p
p
ed
re
ct
ifi
er
.
E
x
p
er
im
en
ta
l
te
st
s
sh
o
w
s
th
a
t
th
e
em
u
la
to
r
effi
ci
en
cy
o
p
er
a
ti
n
g
a
t
th
e
M
P
P
is
a
ro
u
n
d
a
9
2
.5
%
.
[2
6
]
P
a
le
rm
o
,
It
a
ly
2
0
1
3
P
V
L
ev
el
4
N
F
E
D
ev
el
o
p
m
en
t
o
f
a
n
in
te
ll
ig
en
t
m
a
n
a
g
er
o
f
a
g
ri
d
-c
o
n
n
ec
te
d
P
V
sy
st
em
.
A
n
em
u
la
to
r
is
em
p
lo
y
ed
to
re
p
re
se
n
t
th
e
P
V
so
u
rc
e,
in
cl
u
d
in
g
a
ll
p
o
ss
ib
le
co
n
-
d
it
io
n
s,
ev
en
p
a
rt
ia
l
sh
a
d
in
g
.
T
h
e
P
V
em
u
la
to
r
re
p
ro
d
u
ce
s
th
e
V
/
I
se
t
o
f
ch
a
ra
ct
er
is
ti
cs
o
f
a
re
a
l
P
V
p
o
w
er
p
la
n
t.
It
is
im
p
le
m
en
te
d
b
y
a
D
C
/
D
C
b
u
ck
co
n
tr
o
ll
ed
b
y
a
D
S
P
lo
w
co
st
b
o
a
rd
.
T
h
e
P
V
sy
st
em
,
in
cl
u
d
in
g
th
e
d
ev
el
o
p
ed
M
P
P
T
,
h
a
s
b
ee
n
ex
p
er
im
en
ta
ll
y
te
st
ed
,
sh
o
w
-
in
g
b
et
te
r
re
sp
o
n
se
th
a
n
o
th
er
p
ro
p
o
sa
ls
.
[2
7
]
S
y
d
n
ey
,
A
u
st
ra
li
a
2
0
1
2
P
V
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
P
V
em
u
la
to
r
fo
r
te
st
in
g
P
V
p
o
w
er
sy
st
em
s.
A
p
ie
ce
w
is
e
li
n
ea
r
a
p
p
ro
a
ch
is
a
p
p
li
ed
to
re
p
re
se
n
t
th
e
V
/
I
cu
rv
e,
w
h
ic
h
is
im
p
le
m
en
te
d
in
a
re
d
u
ce
d
co
st
m
ic
ro
-c
o
n
tr
o
ll
er
.
T
h
e
P
V
em
u
la
to
r
co
n
si
st
s
o
f
a
D
C
in
p
u
t
so
u
rc
e
a
n
d
a
D
C
/
D
C
b
u
ck
-b
o
o
st
co
n
v
er
te
r,
w
h
ic
h
is
a
b
le
to
re
p
re
se
n
t
th
e
V
/
I
cu
rv
e.
T
h
e
co
n
-
tr
o
l
st
a
g
e
is
im
p
le
m
en
te
d
in
a
n
8
b
it
m
ic
ro
-
co
n
tr
o
ll
er
.
T
h
e
P
V
em
u
la
to
r
h
a
s
b
ee
n
te
st
ed
co
n
n
ec
te
d
to
re
si
st
iv
e
lo
a
d
s
a
n
d
a
ls
o
to
ex
p
er
im
en
t
w
it
h
M
P
P
T
a
lg
o
ri
th
m
s.
[2
8
]
S
eo
u
l,
S
o
u
th
K
o
re
a
2
0
1
2
P
V
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
d
u
a
l-
m
o
d
e
p
o
w
er
re
g
u
la
to
r
fo
r
P
V
p
a
n
el
em
u
la
ti
o
n
,
b
a
se
d
o
n
th
e
co
m
b
in
a
ti
o
n
o
f
a
v
o
lt
a
g
e
a
n
d
a
cu
rr
en
t
re
g
u
la
to
r.
T
h
e
P
V
em
u
la
to
r
p
o
w
er
st
a
g
e
is
co
m
p
o
u
n
d
ed
b
y
tw
o
d
iff
er
en
t
re
g
u
la
to
rs
,
a
lo
w
d
ro
p
o
u
t
li
n
-
ea
r
v
o
lt
a
g
e
re
g
u
la
to
r,
a
n
d
a
n
a
d
ju
st
a
b
le
cu
r-
re
n
t
re
g
u
la
to
r,
b
a
se
d
o
n
th
e
sa
m
e
h
a
rd
w
a
re
.
T
h
e
o
v
er
a
ll
sy
st
em
is
co
n
tr
o
ll
ed
b
y
a
n
A
R
M
C
o
rt
ex
-M
3
,
w
h
ic
h
se
le
ct
s
th
e
p
re
fe
rr
ed
o
p
er
a
-
ti
o
n
a
l
st
a
g
e.
A
P
V
em
u
la
to
r
is
b
u
il
t
u
si
n
g
a
h
y
b
ri
d
co
m
-
b
in
a
ti
o
n
o
f
a
v
o
lt
a
g
e
a
n
d
a
cu
rr
en
t
so
u
rc
e,
to
im
p
ro
v
e
th
e
co
n
v
en
ti
o
n
a
l
p
ro
p
o
sa
ls
.
T
h
e
a
c-
cu
ra
cy
o
f
th
e
d
ev
el
o
p
ed
em
u
la
to
r
is
co
m
p
a
re
d
to
co
n
v
en
ti
o
n
a
l
em
u
la
ti
o
n
m
et
h
o
d
s.
52
T
a
b
le
7
:
S
o
la
r
em
u
la
to
r
re
v
ie
w
-
P
a
rt
II
R
e
f.
L
o
c
a
ti
o
n
Y
e
a
r
T
y
p
e
O
b
je
c
ti
v
e
s
S
y
st
e
m
d
e
sc
r
ip
ti
o
n
M
a
in
fi
n
d
in
g
s
[2
9
]
C
o
im
b
a
to
re
,
In
d
ia
2
0
1
2
P
V
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
P
V
a
rr
a
y
/
m
o
d
u
le
em
u
la
to
r
fo
r
d
iff
er
en
t
o
p
er
a
ti
n
g
co
n
d
i-
ti
o
n
s.
A
n
a
ly
si
s
o
f
th
e
sy
st
em
in
st
ea
d
y
st
a
te
a
n
d
d
u
ri
n
g
tr
a
n
si
en
ts
.
T
h
e
em
u
la
to
r
co
n
si
st
s
o
f
a
D
C
/
D
C
b
u
ck
co
n
-
v
er
te
r
fe
d
fr
o
m
a
D
C
v
o
lt
a
g
e
so
u
rc
e,
co
n
-
tr
o
ll
ed
b
y
a
P
IC
r
m
ic
ro
-c
o
n
tr
o
ll
er
.
T
h
e
m
a
th
-
em
a
ti
ca
l
p
a
ra
m
et
er
s
o
f
th
e
m
o
d
el
a
re
im
p
le
-
m
en
te
d
in
th
e
m
ic
ro
-c
o
n
tr
o
ll
er
p
ro
g
ra
m
.
T
h
e
u
se
r
ca
n
p
ro
g
ra
m
th
e
ir
ra
d
ia
n
ce
a
n
d
te
m
p
er
-
a
tu
re
.
T
h
e
P
V
a
rr
a
y
/
m
o
d
u
le
p
a
ra
m
et
er
s
a
re
ex
tr
a
ct
ed
fr
o
m
th
e
m
a
n
u
fa
ct
u
re
r
d
a
ta
-s
h
ee
t,
u
si
n
g
a
cu
rv
e
fi
tt
in
g
te
ch
n
iq
u
e.
T
h
e
ti
m
e
re
sp
o
n
se
a
ch
ie
v
ed
,
fo
r
a
st
ep
ch
a
n
g
e
in
th
e
ir
ra
d
ia
n
ce
,
is
b
et
w
ee
n
5
0
-1
5
0
u
s,
w
h
ic
h
is
co
n
si
d
er
ed
fa
st
en
o
u
g
h
to
re
p
re
se
n
t
th
e
P
V
ce
ll
d
y
n
a
m
ic
s.
T
h
e
m
a
th
em
a
ti
ca
l
m
o
d
el
ca
n
b
e
a
p
p
li
ed
to
re
p
re
se
n
t
a
n
y
co
m
m
er
ci
a
l
p
a
n
el
b
eh
a
v
io
r.
[3
0
]
P
o
it
ie
rs
,
F
ra
n
ce
2
0
1
2
P
V
L
ev
el
4
A
n
a
ly
si
s
o
f
p
a
ra
ll
el
a
n
d
se
ri
es
co
n
n
ec
-
ti
o
n
o
f
so
la
r
ce
ll
s
ex
p
o
se
d
to
th
e
sa
m
e
li
g
h
t/
te
m
p
er
a
tu
re
b
eh
a
v
io
r.
D
ev
el
o
p
-
m
en
t
a
P
V
a
rr
a
y
em
u
la
to
r
to
ev
a
lu
a
te
th
e
sy
st
em
co
m
p
o
n
en
ts
.
T
h
e
em
u
la
to
r
is
b
a
se
d
o
n
a
p
ro
g
ra
m
m
a
b
le
p
o
w
er
su
p
p
ly
,
co
n
tr
o
ll
ed
u
si
n
g
a
d
S
P
A
C
E
r
co
n
tr
o
l
b
o
a
rd
,
p
ro
g
ra
m
m
ed
in
M
a
tl
a
b
-
S
im
u
li
n
k
r
A
m
a
tr
ix
re
p
re
se
n
ta
ti
o
n
o
f
th
e
eq
u
a
ti
o
n
s
o
f
a
P
V
ce
ll
is
o
b
ta
in
ed
.
T
h
e
em
u
la
to
r
is
u
se
d
to
a
n
a
ly
ze
th
e
b
eh
a
v
io
r
o
f
P
V
a
rr
a
y
s
a
n
d
to
v
a
li
d
a
te
M
P
P
T
te
ch
n
iq
u
es
,
co
n
si
d
er
in
g
p
a
rt
ia
l
sh
a
d
in
g
a
n
d
tr
a
n
si
en
ts
.
[3
1
]
P
o
it
ie
rs
,
F
ra
n
ce
2
0
1
1
P
V
L
ev
el
4
,
N
F
E
D
es
ig
n
a
n
d
ex
p
er
im
en
ta
l
v
a
li
d
a
ti
o
n
o
f
a
h
ig
h
p
er
fo
rm
a
n
ce
M
P
P
T
b
a
se
d
o
n
v
o
lt
a
g
e-
o
ri
en
te
d
co
n
tr
o
l.
T
h
e
P
V
p
a
n
el
em
u
la
to
r
co
n
si
st
s
o
f
a
p
ro
-
g
ra
m
m
a
b
le
D
C
v
o
lt
a
g
e
so
u
rc
e
co
n
tr
o
ll
ed
b
y
a
d
S
P
A
C
E
r
sy
st
em
.
T
h
e
p
ro
g
ra
m
m
a
b
le
v
o
lt
-
a
g
e
so
u
rc
e
is
co
n
n
ec
te
d
to
a
D
C
/
D
C
co
n
v
er
te
r
th
a
t
is
a
p
p
ly
in
g
th
e
M
P
P
T
a
lg
o
ri
th
m
.
G
o
o
d
re
sp
o
n
se
o
f
th
e
p
ro
p
o
se
d
M
P
P
T
b
o
th
in
si
m
u
la
ti
o
n
a
n
d
in
ex
p
er
im
en
ta
l
re
su
lt
s,
sh
o
w
-
in
g
a
ro
b
u
st
a
n
d
fa
st
re
sp
o
n
se
.
T
h
e
o
v
er
a
ll
effi
ci
en
cy
is
in
cr
ea
se
d
d
u
e
to
th
e
im
p
le
m
en
te
d
M
P
P
T
.
[3
2
]
B
la
ck
sb
u
rg
,
U
S
A
2
0
1
0
P
V
L
ev
el
4
B
u
il
d
a
P
V
em
u
la
to
r
w
it
h
a
n
im
p
ro
v
ed
d
y
n
a
m
ic
re
sp
o
n
se
.
re
sp
o
n
se
.
T
h
e
em
u
la
to
r
co
n
si
st
s
o
n
th
re
e
d
iff
er
en
t
p
a
rt
s:
a
P
V
eq
u
iv
a
le
n
t
ci
rc
u
it
to
p
ro
v
id
e
th
e
re
fe
re
n
ce
si
g
n
a
ls
,
a
co
n
tr
o
l
sy
st
em
,
a
n
d
a
b
u
ck
co
n
v
er
te
r
w
it
h
a
n
o
u
tp
u
t
L
C
fi
lt
er
.
T
h
e
fi
lt
er
a
ll
o
w
s
to
in
cr
ea
se
th
e
sy
st
em
b
a
n
d
w
id
th
,
w
h
il
e
a
tt
en
u
-
a
ti
n
g
th
e
sw
it
ch
in
g
ri
p
p
le
.
T
h
e
p
o
w
er
st
a
g
e
o
u
tp
u
t
re
p
re
se
n
ts
th
e
b
eh
a
v
-
io
r
o
f
th
e
P
V
sy
st
em
w
it
h
re
a
so
n
a
b
le
sp
ee
d
a
n
d
a
cc
u
ra
cy
.
[3
3
]
P
a
le
rm
o
,
It
a
ly
2
0
1
0
P
V
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
P
V
fi
el
d
em
u
la
to
r,
b
a
se
d
o
n
a
D
C
/
D
C
st
ep
-d
o
w
n
co
n
-
v
er
te
r,
w
h
ic
h
a
ll
o
w
s
to
o
b
ta
in
th
e
a
rr
a
y
V
/
I
cu
rv
es
,
co
n
si
d
er
in
g
ir
ra
d
ia
n
ce
a
n
d
te
m
p
er
a
tu
re
ch
a
n
g
es
,
p
a
rt
ia
l
sh
a
d
in
g
a
n
d
fl
u
ct
u
a
ti
n
g
co
n
d
it
io
n
s.
T
h
e
em
u
la
to
r
co
n
si
st
s
o
f
a
3
k
W
D
C
/
D
C
b
u
ck
co
n
v
er
te
r
co
n
tr
o
ll
ed
u
si
n
g
a
d
S
P
A
C
E
r
ca
rd
w
it
h
a
fl
o
a
ti
n
g
-p
o
in
t
D
S
P
.
T
h
e
co
n
tr
o
l
st
ra
t-
eg
y
in
cl
u
d
ed
is
b
a
se
d
o
n
th
e
P
V
m
a
th
em
a
ti
-
ca
l
m
o
d
el
d
ed
u
ce
d
fr
o
m
th
e
m
a
x
im
u
m
p
o
w
er
p
o
in
t
d
a
ta
.
T
h
e
m
et
h
o
d
fo
r
o
b
ta
in
in
g
th
e
V
/
I
cu
rv
es
is
b
a
se
d
o
n
ex
p
er
im
en
ta
l
m
ea
su
re
m
en
ts
p
er
fo
rm
ed
o
n
th
e
w
h
o
le
p
la
n
t.
T
h
e
p
ro
p
o
se
d
em
u
la
to
r
is
a
b
le
to
re
p
re
se
n
t
st
a
ti
c
co
n
d
it
io
n
s,
p
a
rt
ia
l
sh
a
d
in
g
a
n
d
d
y
n
a
m
ic
tr
a
n
si
ti
o
n
s
o
f
a
P
V
m
o
d
u
le
,
a
s
a
p
a
rt
o
f
a
P
V
p
la
n
t.
53
T
a
b
le
8
:
W
in
d
em
u
la
to
r
re
v
ie
w
-
P
a
rt
I
R
e
f.
L
o
c
a
ti
o
n
Y
e
a
r
T
y
p
e
O
b
je
c
ti
v
e
s
S
y
st
e
m
d
e
sc
r
ip
ti
o
n
M
a
in
fi
n
d
in
g
s
[3
4
]
V
a
ll
a
d
o
li
d
,
S
p
a
in
2
0
1
4
W
in
d
L
ev
el
4
D
es
ig
n
o
f
a
w
in
d
tu
rb
in
e
em
u
la
to
r
a
b
le
to
si
m
u
la
te
th
e
tu
rb
in
e
p
o
w
er
cu
rv
es
,
w
it
h
o
u
t
u
si
n
g
a
cl
o
se
d
lo
o
p
co
n
tr
o
l
sy
s-
te
m
.
T
h
e
w
in
d
tu
rb
in
e
o
p
en
lo
o
p
em
u
la
to
r
co
n
si
st
s
o
f
a
D
C
v
o
lt
a
g
e
so
u
rc
e,
a
p
o
w
er
re
si
st
o
r
a
n
d
a
D
C
m
o
to
r
w
it
h
se
p
a
ra
te
ex
ci
ta
ti
o
n
.
T
h
e
sy
s-
te
m
is
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
to
th
e
g
en
er
a
to
r.
W
in
d
sp
ee
d
v
a
ri
a
ti
o
n
s
a
re
a
p
p
li
ed
b
y
ch
a
n
g
in
g
th
e
D
C
v
o
lt
a
g
e
so
u
rc
e
o
u
tp
u
t
v
a
lu
e.
T
h
e
p
re
se
n
te
d
em
u
la
to
r,
o
p
er
a
ti
n
g
in
o
p
en
lo
o
p
,
is
a
b
le
to
re
p
re
se
n
t
th
e
p
o
w
er
cu
rv
es
o
f
a
w
in
d
tu
rb
in
e.
E
x
p
er
im
en
ta
l
te
st
s
v
a
li
d
a
te
th
e
em
u
la
ti
o
n
sy
st
em
o
p
er
a
ti
o
n
.
[3
5
]
B
a
rc
el
o
n
a
,
S
p
a
in
2
0
1
3
W
in
d
L
ev
el
4
N
F
E
E
x
p
er
im
en
ta
l
v
a
li
d
a
ti
o
n
o
f
th
e
d
ro
o
p
co
n
tr
o
l
fo
r
m
u
lt
i-
te
rm
in
a
l
V
S
C
-H
V
D
C
g
ri
d
s.
S
im
u
la
ti
o
n
s
a
n
d
a
n
ex
p
er
im
en
-
ta
l
p
la
tf
o
rm
a
re
d
ev
el
o
p
ed
to
v
a
li
d
a
te
th
e
th
eo
re
ti
ca
l
d
ro
o
p
co
n
tr
o
l
d
es
ig
n
.
T
w
o
d
iff
er
en
t
w
in
d
tu
rb
in
es
a
re
em
u
la
te
d
b
y
tw
o
S
q
u
ir
re
l
C
a
g
e
In
d
u
ct
io
n
M
a
ch
in
es
(S
C
IM
),
d
ri
v
en
b
y
fr
eq
u
en
cy
co
n
v
er
te
rs
.
T
h
e
em
u
la
to
rs
a
re
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
to
th
e
S
q
u
ir
re
l
C
a
g
e
In
d
u
ct
io
n
G
en
er
a
to
rs
(S
C
IG
),
th
a
t
a
re
co
n
n
ec
te
d
to
th
ei
r
re
sp
ec
ti
v
el
y
w
in
d
fa
rm
A
C
g
ri
d
s.
T
h
e
re
su
lt
s
sh
o
w
th
a
t
th
e
d
es
ig
n
o
f
th
e
d
ro
o
p
co
n
tr
o
ll
er
a
cc
o
m
p
li
sh
th
e
sy
st
em
sp
ec
ifi
ca
-
ti
o
n
s,
b
o
th
in
si
m
u
la
ti
o
n
s
a
n
d
in
ex
p
er
im
en
ta
l
re
su
lt
s.
[3
6
]
M
ia
o
li
,
T
a
iw
a
n
2
0
1
3
W
in
d
L
ev
el
4
N
F
E
D
es
ig
n
o
f
a
re
cu
rr
en
t
m
o
d
ifi
ed
E
lm
a
n
N
eu
ra
l
N
et
w
o
rk
(N
N
)
to
co
n
tr
o
l
a
P
er
-
m
a
n
en
t
M
a
g
n
et
S
y
n
ch
ro
n
o
u
s
G
en
er
a
-
to
r
(P
M
S
G
)
w
in
d
tu
rb
in
e
g
en
er
a
ti
o
n
sy
st
em
.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
is
a
fi
el
d
o
ri
en
te
d
co
n
tr
o
ll
ed
P
er
m
a
n
en
t
M
a
g
n
et
S
y
n
ch
ro
n
o
u
s
M
a
ch
in
e
(P
M
S
M
)
th
a
t
is
a
b
le
to
re
p
re
se
n
t
th
e
p
o
w
er
sp
ee
d
ch
a
ra
ct
er
is
ti
c
cu
rv
e
o
f
a
w
in
d
tu
r-
b
in
e.
T
h
e
em
u
la
to
r
is
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
to
th
e
P
M
S
G
,
co
n
tr
o
ll
ed
b
y
th
e
re
cu
rr
en
t
m
o
d
i-
fi
ed
E
lm
a
n
N
N
d
es
ig
n
ed
.
T
h
e
a
lg
o
ri
th
m
is
im
-
p
le
m
en
te
d
in
tw
o
d
iff
er
en
t
D
S
P
co
n
tr
o
l
b
o
a
rd
s.
T
h
e
im
p
le
m
en
ta
ti
o
n
o
f
th
e
re
cu
rr
en
t
m
o
d
ifi
ed
E
lm
a
n
N
N
co
n
tr
o
l
sy
st
em
,
to
re
g
u
la
te
b
o
th
th
e
D
C
b
u
s
v
o
lt
a
g
e
o
f
th
e
re
ct
ifi
er
a
n
d
th
e
A
C
li
n
e
v
o
lt
a
g
e
o
f
th
e
in
v
er
te
r,
is
sh
o
w
n
fo
r
a
st
a
n
-
d
a
lo
n
e
p
o
w
er
a
p
p
li
ca
ti
o
n
.
[3
7
]
A
k
ro
n
,
U
S
A
2
0
1
3
W
in
d
L
ev
el
4
N
F
E
A
n
a
ly
si
s
o
f
a
M
P
P
T
m
et
h
o
d
b
a
se
d
o
n
th
e
ch
a
ra
ct
er
is
ti
c
p
o
w
er
cu
rv
e,
b
o
th
in
st
ea
d
y
-s
ta
te
a
n
d
in
d
y
n
a
m
ic
o
p
er
-
a
ti
o
n
.
V
a
li
d
a
ti
o
n
o
f
th
e
w
in
d
tu
rb
in
e
p
ro
p
o
se
d
co
n
tr
o
l
sy
st
em
th
ro
u
g
h
si
m
-
u
la
ti
o
n
a
n
d
ex
p
er
im
en
ta
l
te
st
s.
T
h
e
w
in
d
em
u
la
to
r
em
p
lo
y
ed
is
a
2
.2
k
W
in
d
u
ct
io
n
m
a
ch
in
e
co
n
tr
o
ll
ed
b
y
a
fr
eq
u
en
cy
co
n
v
er
te
r.
T
h
e
w
in
d
tu
rb
in
e
m
o
d
el
a
n
d
p
o
w
er
cu
rv
e-
b
a
se
d
M
P
P
T
a
lg
o
ri
th
m
a
re
im
-
p
le
m
en
te
d
in
a
D
S
P
co
n
tr
o
l
b
o
a
rd
.
T
h
e
M
P
P
T
a
lg
o
ri
th
m
b
a
se
d
o
n
th
e
p
o
w
er
cu
rv
e
o
f
th
e
tu
rb
in
e
p
ro
v
id
es
a
ro
b
u
st
a
n
d
co
st
-
eff
ec
ti
v
e
co
n
tr
o
l
m
et
h
o
d
.
[3
8
]
G
y
eo
n
g
b
u
k
,
S
o
u
th
K
o
-
re
a
2
0
1
3
W
in
d
L
ev
el
4
N
F
E
D
es
cr
ip
ti
o
n
o
f
a
h
y
b
ri
d
co
n
tr
o
l
sc
h
em
e
fo
r
P
M
S
G
w
in
d
tu
rb
in
es
,
co
m
b
in
in
g
en
er
g
y
st
o
ra
g
e
a
n
d
b
ra
k
in
g
sy
st
em
s,
to
p
ro
v
id
e
F
a
u
lt
R
id
e
T
h
ro
u
g
h
(F
R
T
)
ca
p
a
b
il
it
y
a
n
d
p
o
w
er
fl
u
ct
u
a
ti
o
n
su
p
-
p
re
ss
io
n
.
T
h
e
w
in
d
em
u
la
to
r
co
n
si
st
s
o
f
a
3
k
W
S
C
IG
d
ri
v
en
b
y
a
b
a
ck
-t
o
-b
a
ck
co
n
v
er
te
r,
w
h
ic
h
a
p
-
p
li
es
to
rq
u
e
to
th
e
g
en
er
a
to
r
sh
a
ft
,
b
a
se
d
o
n
th
e
w
in
d
tu
rb
in
e
ch
a
ra
ct
er
is
ti
cs
.
W
it
h
th
e
p
ro
p
o
se
d
sc
h
em
e,
th
e
o
u
tp
u
t
p
o
w
er
o
f
th
e
sy
st
em
ca
n
b
e
sm
o
o
th
ed
.
It
a
ls
o
p
ro
-
v
id
es
F
R
T
ca
p
a
b
il
it
y,
ev
en
lo
o
si
n
g
co
m
p
le
te
ly
th
e
g
ri
d
v
o
lt
a
g
e.
[3
9
]
S
fa
x
,
T
u
n
is
ia
2
0
1
3
W
in
d
L
ev
el
4
N
F
E
S
y
st
em
a
n
d
co
n
tr
o
l
d
es
ig
n
o
f
a
n
a
u
-
to
n
o
m
o
u
s
w
in
d
en
er
g
y
co
n
v
er
si
o
n
sy
s-
te
m
,
to
fe
ed
is
o
la
te
d
lo
a
d
s.
A
D
C
m
o
to
r
is
em
p
lo
y
ed
to
re
p
ro
d
u
ce
th
e
m
e-
ch
a
n
ic
a
l
b
eh
a
v
io
r
o
f
th
e
w
in
d
tu
rb
in
e,
co
n
-
tr
o
ll
ed
b
y
a
d
S
P
A
C
E
r
sy
st
em
.
T
h
e
em
u
la
to
r
is
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
to
th
e
P
M
S
G
u
n
d
er
te
st
.
T
h
e
p
ro
p
o
se
d
d
es
ig
n
is
v
a
li
d
a
te
d
th
ro
u
g
h
si
m
-
u
la
ti
o
n
a
n
d
ex
p
er
im
en
ta
l
re
su
lt
s,
sh
o
w
in
g
a
g
o
o
d
p
er
fo
rm
a
n
ce
o
f
th
e
co
n
tr
o
ll
er
,
w
h
il
e
su
p
-
p
ly
in
g
is
o
la
te
d
lo
a
d
s.
[4
0
]
P
a
m
p
lo
n
a
,
S
p
a
in
2
0
1
3
W
in
d
L
ev
el
4
N
F
E
D
ev
el
o
p
m
en
t
o
f
a
n
a
cc
u
ra
te
m
o
d
el
o
f
a
w
in
d
en
er
g
y
g
en
er
a
ti
o
n
sy
st
em
b
a
se
d
o
n
a
P
M
S
G
,
co
n
n
ec
te
d
to
a
d
io
d
e
b
ri
d
g
e.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
em
p
lo
y
ed
is
a
P
M
S
G
co
n
n
ec
te
d
to
a
n
in
er
ti
a
o
f
5
k
g
·m
2
.
T
h
e
em
u
la
to
r
is
co
u
p
le
d
to
th
e
m
ec
h
a
n
ic
a
l
sh
a
ft
o
f
th
e
P
M
S
G
g
en
er
a
to
r
u
n
d
er
te
st
.
T
h
e
re
a
l
w
in
d
tu
rb
in
e
a
n
d
th
e
w
in
d
tu
rb
in
e
em
u
la
to
r,
h
a
v
e
si
m
il
a
r
p
a
ra
m
et
er
s.
B
a
se
d
o
n
th
e
w
in
d
en
er
g
y
co
n
v
er
si
o
n
sy
st
em
m
o
d
el
eq
u
a
ti
o
n
s,
a
n
M
P
P
T
co
n
tr
o
l
is
d
es
ig
n
ed
a
n
d
te
st
ed
u
si
n
g
a
w
in
d
tu
rb
in
e
em
u
la
to
r,
em
-
p
lo
y
in
g
a
re
a
l
w
in
d
sp
ee
d
p
ro
fi
le
.
T
h
e
ex
p
er
i-
m
en
ts
sh
o
w
g
o
o
d
re
su
lt
s,
in
te
rm
s
o
f
a
cc
u
ra
cy
a
n
d
ro
b
u
st
n
es
s.
54
T
a
b
le
9
:
W
in
d
em
u
la
to
r
re
v
ie
w
-
P
a
rt
II
R
e
f.
L
o
c
a
ti
o
n
Y
e
a
r
T
y
p
e
O
b
je
c
ti
v
e
s
S
y
st
e
m
d
e
sc
r
ip
ti
o
n
M
a
in
fi
n
d
in
g
s
[4
1
]
N
ew
ca
st
le
,
U
K
2
0
1
2
W
in
d
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
te
st
fa
ci
li
ty
to
ev
a
l-
u
a
te
th
e
b
eh
a
v
io
r
o
f
a
D
o
u
b
ly
F
ed
In
d
u
ct
io
n
G
en
er
a
to
r
(D
F
IG
)
u
n
d
er
a
ra
n
g
e
o
f
g
ri
d
fa
u
lt
co
n
d
it
io
n
s.
T
h
e
w
in
d
em
u
la
to
r
is
b
a
se
d
o
n
a
1
0
k
W
m
o
to
r,
d
ri
v
en
b
y
a
fo
u
r
q
u
a
d
ra
n
t
co
n
v
er
te
r,
w
h
ic
h
em
-
u
la
te
s
th
e
m
ec
h
a
n
ic
a
l
d
y
n
a
m
ic
s.
T
h
e
so
ft
w
a
re
la
y
er
h
a
s
th
e
m
ec
h
a
n
ic
a
l
m
o
d
el
o
f
th
e
w
in
d
tu
rb
in
e
p
ro
g
ra
m
m
ed
in
a
co
n
tr
o
ll
er
,
w
h
ic
h
is
a
b
le
to
re
p
li
ca
te
th
e
to
rq
u
e
in
p
u
t
o
f
th
e
w
in
d
tu
rb
in
e
sh
a
ft
.
T
h
e
p
a
ra
m
et
er
s
fo
r
th
e
em
u
la
-
ti
o
n
ca
lc
u
la
ti
o
n
s
a
re
o
b
ta
in
ed
fr
o
m
in
d
u
st
ri
a
l
d
a
ta
a
n
d
re
a
l
m
ea
su
re
m
en
ts
.
T
h
e
te
st
fa
ci
li
ty
h
a
v
e
b
ee
n
u
se
d
to
in
v
es
ti
g
a
te
th
e
F
R
T
p
er
fo
rm
a
n
ce
o
f
a
D
F
IG
,
w
it
h
d
iff
er
en
t
co
n
fi
g
u
ra
ti
o
n
s.
T
h
e
te
st
b
en
ch
ca
n
b
e
u
se
d
to
te
st
o
th
er
ty
p
es
o
f
w
in
d
g
en
er
a
to
rs
.
[4
2
]
M
a
d
ri
d
,
S
p
a
in
2
0
1
2
W
in
d
L
ev
el
4
N
F
E
D
es
ig
n
o
f
a
so
lu
ti
o
n
fo
r
w
in
d
fa
rm
s,
b
a
se
d
o
n
fi
x
ed
-s
p
ee
d
g
en
er
a
to
rs
,
to
g
u
a
ra
n
te
e
th
e
g
ri
d
co
d
e
co
m
p
li
a
n
ce
,
in
cl
u
d
in
g
a
n
S
T
A
T
C
O
M
.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
co
n
si
st
s
o
f
a
3
k
W
D
C
m
o
to
r
co
n
n
ec
te
d
to
a
n
A
C
/
D
C
p
o
w
er
co
n
-
v
er
te
r,
co
n
tr
o
ll
ed
b
y
m
ea
n
s
o
f
a
P
C
.
T
h
is
w
o
rk
d
em
o
n
st
ra
te
s
th
a
t
th
e
p
ro
p
o
se
d
so
-
lu
ti
o
n
is
a
b
le
to
a
cc
o
m
p
li
sh
th
e
m
o
st
ex
ig
en
t
g
ri
d
co
d
e
re
q
u
ir
em
en
ts
.
A
n
a
n
a
ly
si
s
o
f
a
ll
p
o
s-
si
b
le
g
ri
d
fa
u
lt
s
is
p
re
se
n
te
d
.
[4
3
]
S
fa
x
,
T
u
n
is
ia
2
0
1
2
W
in
d
L
ev
el
4
N
F
E
E
x
p
er
im
en
ta
l
v
a
li
d
a
ti
o
n
o
f
a
n
a
u
-
to
n
o
m
o
u
s
P
M
S
G
-b
a
se
d
w
in
d
en
er
g
y
sy
st
em
,
in
a
te
st
b
en
ch
.
A
n
a
ly
si
s
o
f
th
e
b
eh
a
v
io
r
o
f
th
e
te
st
b
en
ch
a
n
d
th
e
sy
st
em
co
n
tr
o
ll
er
s.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
is
b
a
se
d
o
n
a
3
k
W
D
C
m
o
to
r,
co
n
tr
o
ll
ed
to
re
p
ro
d
u
ce
th
e
m
e-
ch
a
n
ic
a
l
b
eh
a
v
io
r
o
f
a
v
a
ri
a
b
le
sp
ee
d
w
in
d
tu
r-
b
in
e.
T
h
e
sy
st
em
is
co
n
tr
o
ll
ed
b
y
a
D
S
P
em
-
b
ed
d
ed
in
a
d
S
P
A
C
E
r
sy
st
em
.
T
h
e
eq
u
iv
a
le
n
t
a
er
o
d
y
n
a
m
ic
to
rq
u
e
is
a
p
p
li
ed
to
th
e
sh
a
ft
,
w
h
ic
h
is
co
u
p
le
d
to
th
e
P
M
S
G
u
n
d
er
te
st
.
T
h
e
o
b
ta
in
ed
re
su
lt
s
sh
o
w
th
a
t
th
e
p
ro
p
o
se
d
co
n
tr
o
ll
er
is
a
b
le
to
re
g
u
la
te
th
e
v
o
lt
a
g
e
a
t
th
e
co
n
n
ec
ti
o
n
p
o
in
t,
ev
en
u
n
d
er
d
is
tu
rb
a
n
ce
s.
E
x
p
er
im
en
ta
l
re
su
lt
s
em
p
lo
y
in
g
th
e
em
u
la
to
r
a
ls
o
co
n
fi
rm
th
a
t
th
e
st
ra
te
g
y
p
ro
p
o
se
d
ca
n
p
ro
p
er
ly
co
n
tr
o
l
th
e
sy
st
em
.
[4
4
]
A
u
ck
la
n
d
,
N
ew
Z
ea
la
n
d
2
0
1
2
P
V
L
ev
el
4
N
F
E
A
n
a
ly
si
s
o
f
a
sm
a
rt
w
in
d
tu
rb
in
e
co
n
ce
p
t,
w
it
h
v
a
ri
a
b
le
le
n
g
th
b
la
d
es
a
n
d
a
n
in
n
o
v
a
ti
v
e
h
y
b
ri
d
m
ec
h
a
n
ic
a
l-
el
ec
tr
ic
a
l
p
o
w
er
co
n
v
er
si
o
n
sy
st
em
.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
is
a
v
a
ri
a
b
le
sp
ee
d
in
d
u
ct
io
n
m
o
to
r,
w
h
ic
h
m
im
ic
s
th
e
a
er
o
d
y
-
n
a
m
ic
s
o
f
th
e
sy
st
em
u
n
d
er
v
a
ry
in
g
w
in
d
co
n
-
d
it
io
n
s.
T
h
e
st
u
d
y
co
n
cl
u
d
es
th
a
t
th
e
w
in
d
tu
rb
in
e
st
ru
ct
u
re
co
u
ld
b
e
in
te
re
st
in
g
fo
r
sm
a
ll
sc
a
le
re
n
ew
a
b
le
en
er
g
y
a
p
p
li
ca
ti
o
n
s.
E
x
p
er
im
en
ta
l
re
su
lt
s
a
re
sh
o
w
n
to
d
em
o
n
st
ra
te
th
e
co
n
ce
p
t.
[4
5
]
M
a
d
ri
d
,
S
p
a
in
2
0
1
2
P
V
L
ev
el
4
N
F
E
A
n
a
ly
si
s
o
f
th
e
in
tr
o
d
u
ct
io
n
o
f
a
n
el
ec
-
tr
o
n
ic
o
n
lo
a
d
ta
p
ch
a
n
g
er
to
in
cr
ea
se
th
e
g
en
er
a
to
r
co
n
tr
ib
u
ti
o
n
to
th
e
sh
o
rt
ci
rc
u
it
cu
rr
en
t,
d
u
ri
n
g
g
ri
d
v
o
lt
a
g
e
sa
g
s.
D
es
ig
n
o
f
th
e
co
n
v
er
te
r
co
n
tr
o
l,
b
a
se
d
o
n
a
n
o
n
li
n
ea
r
cu
rr
en
t
so
u
rc
e,
to
en
su
re
th
e
re
q
u
ir
ed
fa
st
re
sp
o
n
se
.
T
h
e
w
in
d
em
u
la
to
r
is
b
a
se
d
o
n
a
D
C
m
o
to
r
a
n
d
a
n
A
C
/
D
C
p
o
w
er
co
n
v
er
te
r,
co
n
tr
o
ll
ed
b
y
a
P
C
.
T
h
e
em
u
la
to
r
in
cl
u
d
es
th
e
tu
rb
in
e
a
er
o
-
d
y
n
a
m
ic
ch
a
ra
ct
er
is
ti
cs
to
em
u
la
te
th
e
co
rr
e-
sp
o
n
d
in
g
sh
a
ft
to
rq
u
e.
T
h
e
em
u
la
to
r
is
m
e-
ch
a
n
ic
a
ll
y
co
u
p
le
d
to
th
e
P
M
S
G
to
p
er
fo
rm
th
e
ex
p
er
im
en
ts
.
T
h
e
o
b
ta
in
ed
re
su
lt
s
sh
o
w
th
a
t
th
e
p
ro
p
o
se
d
id
ea
s
co
u
ld
im
p
ro
v
e
th
e
re
sp
o
n
se
o
f
th
e
w
in
d
g
en
er
a
ti
o
n
sy
st
em
s
d
u
ri
n
g
sh
o
rt
ci
rc
u
it
s.
[4
6
]
B
ra
so
v
,
R
o
m
a
n
ia
2
0
1
2
P
V
L
ev
el
4
N
F
E
D
ev
el
o
p
m
en
t
o
f
a
se
n
so
rl
es
s
co
n
tr
o
l
m
et
h
o
d
fo
r
sm
a
ll
v
a
ri
a
b
le
-s
p
ee
d
,
fi
x
ed
-
p
it
ch
w
in
d
tu
rb
in
es
in
cl
u
d
in
g
d
ir
ec
t-
d
ri
v
en
P
M
S
G
.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
co
n
si
st
s
o
f
a
n
in
-
d
u
ct
io
n
m
o
to
r
co
n
tr
o
ll
ed
b
y
a
fr
eq
u
en
cy
co
n
-
v
er
te
r,
w
h
ic
h
si
m
u
la
te
s
th
e
st
a
ti
c
a
n
d
d
y
n
a
m
ic
b
eh
a
v
io
r
o
f
a
re
a
l
sy
st
em
.
T
h
e
em
u
la
to
r
is
m
e-
ch
a
n
ic
a
ll
y
co
u
p
le
d
to
th
e
P
M
S
G
sh
a
ft
.
T
h
e
se
n
so
rl
es
s
co
n
tr
o
l
st
ra
te
g
y
p
ro
p
o
se
d
is
v
a
l-
id
a
te
d
th
ro
u
g
h
si
m
u
la
ti
o
n
s
a
n
d
ex
p
er
im
en
ta
l
re
su
lt
s.
[4
7
]
M
a
d
ri
d
,
S
p
a
in
2
0
1
0
W
in
d
L
ev
el
4
D
es
ig
n
o
f
a
sy
st
em
fo
r
tr
a
in
in
g
en
g
i-
n
ee
rs
o
n
th
e
D
F
IG
co
n
tr
o
l.
T
h
e
sy
s-
te
m
is
b
a
se
d
o
n
tw
o
m
a
in
p
a
rt
s,
th
e
si
m
u
la
ti
o
n
p
a
rt
,
a
n
d
th
e
ex
p
er
im
en
-
ta
l
p
a
rt
,
w
h
ic
h
in
cl
u
d
es
a
w
in
d
tu
rb
in
e
em
u
la
to
r
co
u
p
le
d
to
a
n
el
ec
tr
ic
g
en
er
-
a
to
r.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
co
n
si
st
s
o
f
a
D
C
m
a
ch
in
e
d
ri
v
en
b
y
a
co
m
m
er
ci
a
l
co
n
v
er
te
r,
co
n
tr
o
ll
ed
b
y
a
m
ic
ro
p
ro
ce
ss
o
r.
T
h
e
D
C
m
a
-
ch
in
e
is
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
to
th
e
D
F
IG
sh
a
ft
,
in
o
rd
er
to
a
p
p
ly
to
rq
u
e
b
a
se
d
o
n
th
e
tu
rb
in
e
em
u
la
ti
o
n
.
D
es
ig
n
o
f
b
o
th
th
e
si
m
u
la
ti
o
n
to
o
l
a
n
d
th
e
ex
-
p
er
im
en
ta
l
te
st
b
en
ch
.
T
h
e
p
o
ss
ib
il
it
ie
s
th
a
t
th
e
sy
st
em
o
ff
er
s
fo
r
tr
a
in
in
g
st
u
d
en
ts
a
n
d
p
ro
-
fe
ss
io
n
a
ls
a
re
d
et
a
il
ed
.
55
T
a
b
le
1
0
:
W
in
d
em
u
la
to
r
re
v
ie
w
-
P
a
rt
II
I
R
e
f.
L
o
c
a
ti
o
n
Y
e
a
r
T
y
p
e
O
b
je
c
ti
v
e
s
S
y
st
e
m
d
e
sc
r
ip
ti
o
n
M
a
in
fi
n
d
in
g
s
[4
8
]
P
il
a
n
i,
In
-
d
ia
2
0
1
0
W
in
d
L
ev
el
4
N
F
E
A
n
a
ly
si
s
o
f
th
e
o
p
er
a
ti
o
n
o
f
lo
w
m
e-
ch
a
n
ic
a
l
in
er
ti
a
is
o
la
te
d
g
ri
d
s
co
m
-
p
o
u
n
d
ed
b
y
th
e
co
m
b
in
a
ti
o
n
o
f
w
in
d
a
n
d
d
ie
se
l
g
en
er
a
ti
o
n
u
n
it
s.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
is
d
ev
el
o
p
ed
b
y
a
D
C
m
o
to
r
w
it
h
a
se
p
a
ra
te
ly
ex
ci
te
d
fi
el
d
.
T
h
e
m
o
to
r
a
rm
a
tu
re
is
co
n
tr
o
ll
ed
b
y
a
D
C
/
D
C
b
u
ck
co
n
v
er
te
r.
T
h
e
w
in
d
tu
rb
in
e
m
o
d
el
is
im
-
p
le
m
en
te
d
in
a
co
m
p
u
te
r
w
h
ic
h
co
n
tr
o
ls
th
e
D
C
m
o
to
r
to
a
p
p
ly
th
e
co
rr
es
p
o
n
d
in
g
to
rq
u
e
to
th
e
sy
st
em
.
T
h
e
em
u
la
to
r
is
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
to
th
e
S
C
IG
co
n
n
ec
te
d
to
th
e
A
C
g
ri
d
.
T
h
e
p
ro
p
o
se
d
d
y
n
a
m
ic
co
n
tr
o
l
o
f
th
e
a
lt
er
n
a
-
to
r
ex
ci
ta
ti
o
n
is
a
b
le
to
m
it
ig
a
te
th
e
v
o
lt
a
g
e
v
a
ri
a
ti
o
n
s
a
t
th
e
el
ec
tr
ic
a
l
o
u
tp
u
t
te
rm
in
a
ls
o
f
th
e
u
n
it
,
w
h
ic
h
is
sp
ec
ia
ll
y
in
te
re
st
in
g
fo
r
is
o
-
la
te
d
w
in
d
-d
ie
se
l
g
en
er
a
ti
o
n
sy
st
em
s.
[4
9
]
N
a
n
te
s,
F
ra
n
ce
2
0
0
9
W
in
d
L
ev
el
4
N
F
E
D
es
cr
ip
ti
o
n
o
f
a
co
n
tr
o
l
sc
h
em
e
fo
r
a
D
F
IG
w
in
d
g
en
er
a
ti
o
n
sy
st
em
.
T
h
re
e
d
iff
er
en
t
co
n
tr
o
ll
er
s
a
re
p
ro
p
o
se
d
fo
r
th
e
m
a
ch
in
e
in
v
er
te
r
a
n
d
a
d
iff
er
en
t
st
ra
te
g
y
is
st
u
d
ie
d
fo
r
th
e
g
ri
d
co
n
-
v
er
te
r.
T
h
e
w
in
d
is
m
o
d
el
ed
b
a
se
d
o
n
th
e
sp
ec
tr
a
l
d
e-
co
m
p
o
si
ti
o
n
a
n
d
it
is
a
p
p
li
ed
to
a
sm
a
ll
1
0
k
W
w
in
d
tu
rb
in
e.
T
h
e
o
u
tp
u
t
to
rq
u
e
is
a
p
p
li
ed
to
a
D
F
IG
w
in
d
g
en
er
a
to
r.
T
h
e
p
ro
p
o
se
d
sc
h
em
es
a
re
v
a
li
d
a
te
d
th
ro
u
g
h
si
m
u
la
ti
o
n
a
n
d
ex
p
er
im
en
ta
l
re
su
lt
s.
A
co
m
-
p
a
ri
so
n
o
f
th
e
th
re
e
d
iff
er
en
t
m
a
ch
in
e
co
n
-
tr
o
ll
er
s,
in
te
rm
s
o
f
p
o
w
er
tr
a
ck
in
g
,
ro
ta
ti
o
n
a
l
sp
ee
d
v
a
ri
a
ti
o
n
s
a
n
d
co
n
tr
o
l
ro
b
u
st
n
es
s,
is
sh
o
w
n
.
[5
0
]
L
il
le
,
F
ra
n
ce
2
0
0
9
W
in
d
L
ev
el
4
N
F
E
T
h
e
p
o
ss
ib
il
it
y
to
p
a
rt
ic
ip
a
te
in
th
e
p
ri
m
a
ry
fr
eq
u
en
cy
co
n
tr
o
l,
w
it
h
a
v
a
ri
-
a
b
le
sp
ee
d
w
in
d
g
en
er
a
to
r,
is
in
v
es
ti
-
g
a
te
d
.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
is
im
p
le
m
en
te
d
u
s-
in
g
a
D
C
m
a
ch
in
e
w
it
h
se
p
a
ra
te
d
ex
ci
ta
ti
o
n
,
co
n
tr
o
ll
ed
b
y
a
d
S
P
A
C
E
r
ca
rd
.
A
re
a
l
w
in
d
sp
ee
d
p
ro
fi
le
,
m
ea
su
re
d
in
re
a
l
te
st
s,
is
u
se
d
fo
r
th
e
sy
st
em
ex
p
er
im
en
ts
.
T
h
e
ex
p
er
im
en
ta
l
te
st
s
co
n
fi
rm
th
a
t
th
e
w
in
d
tu
rb
in
e
g
en
er
a
ti
o
n
sy
st
em
is
a
b
le
to
p
a
rt
ic
i-
p
a
te
in
th
e
p
ri
m
a
ry
fr
eq
u
en
cy
co
n
tr
o
l,
w
it
h
ce
rt
a
in
li
m
it
a
ti
o
n
s
re
la
te
d
w
it
h
th
e
fo
re
ca
st
re
-
q
u
ir
ed
.
[5
1
]
P
u
n
ta
A
re
-
n
a
s,
C
h
il
e
2
0
0
9
W
in
d
L
ev
el
4
N
F
E
A
n
a
ly
si
s
o
f
a
n
ew
co
n
tr
o
l
sy
st
em
to
re
g
u
la
te
th
e
re
a
ct
iv
e
p
o
w
er
su
p
p
li
ed
b
y
a
v
a
ri
a
b
le
w
in
d
sp
ee
d
g
en
er
a
ti
o
n
sy
s-
te
m
,
in
cl
u
d
in
g
a
n
in
d
u
ct
io
n
g
en
er
a
to
r
d
ri
v
en
b
y
a
m
a
tr
ix
co
n
v
er
te
r.
T
h
e
w
in
d
p
o
w
er
em
u
la
to
r
is
b
a
se
d
o
n
a
sp
ee
d
re
g
u
la
te
d
S
C
IG
.
A
w
in
d
sp
ee
d
p
ro
fi
le
is
se
n
t
fr
o
m
th
e
P
C
to
a
se
co
n
d
-o
rd
er
m
o
d
el
o
f
th
e
w
in
d
tu
rb
in
e
sy
st
em
im
p
le
m
en
te
d
in
a
D
S
P
.
T
h
e
re
a
ct
iv
e
p
o
w
er
co
n
tr
o
l
co
n
ce
p
t
is
v
a
li
d
a
te
d
th
ro
u
g
h
ex
p
er
im
en
ta
l
re
su
lt
s,
co
n
si
d
er
in
g
d
if
-
fe
re
n
t
w
in
d
p
ro
fi
le
s,
ca
p
a
ci
ti
v
e/
in
d
u
ct
iv
e
o
p
-
er
a
ti
o
n
,
st
ep
ch
a
n
g
es
in
th
e
re
a
ct
iv
e
p
o
w
er
d
e-
m
a
n
d
a
n
d
em
u
la
ti
n
g
d
iff
er
en
t
v
a
lu
es
o
f
in
er
ti
a
.
[5
2
]
P
u
n
ta
A
re
-
n
a
s,
C
h
il
e
2
0
0
8
W
in
d
L
ev
el
4
N
F
E
A
n
a
ly
si
s
o
f
th
e
p
er
fo
rm
a
n
ce
o
f
se
v
-
er
a
l
M
o
d
el
R
ef
er
en
ce
A
d
a
p
ti
v
e
S
y
st
em
(M
R
A
S
)
o
b
se
rv
er
s
fo
r
a
se
n
so
rl
es
s
v
ec
-
to
r
co
n
tr
o
l
o
f
a
D
F
IG
,
fo
r
st
a
n
d
-a
lo
n
e
a
n
d
g
ri
d
-c
o
n
n
ec
te
d
a
p
p
li
ca
ti
o
n
s.
A
S
C
IM
d
ri
v
en
b
y
a
fr
eq
u
en
cy
co
n
v
er
te
r
is
u
se
d
to
em
u
la
te
th
e
w
in
d
tu
rb
in
e.
T
h
e
tu
r-
b
in
e
eq
u
a
ti
o
n
s
a
re
p
ro
g
ra
m
m
ed
in
a
D
S
P
co
n
-
tr
o
l
b
o
a
rd
.
T
h
e
S
C
IM
is
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
b
y
th
e
sh
a
ft
to
th
e
D
F
IG
,
w
h
er
e
th
e
se
n
so
rl
es
s
sc
h
em
e
is
a
p
p
li
ed
.
S
ev
er
a
l
M
R
A
S
o
b
se
rv
er
s
a
re
co
m
p
a
re
d
a
n
d
co
n
cl
u
si
o
n
s
re
g
a
rd
in
g
th
e
sy
st
em
p
er
fo
rm
a
n
ce
a
re
sh
o
w
n
.
T
h
e
b
es
t
a
n
d
th
e
w
o
rs
t
o
b
se
rv
er
s
fo
r
st
a
n
d
-a
lo
n
e
a
n
d
g
ri
d
co
n
n
ec
te
d
sy
st
em
s
a
re
h
ig
h
li
g
h
te
d
.
[5
3
]
B
id
a
rt
,
F
ra
n
ce
2
0
0
6
W
in
d
L
ev
el
4
N
F
E
Im
p
le
m
en
ta
ti
o
n
o
f
a
w
in
d
tu
rb
in
e
co
n
-
tr
o
ll
er
,
w
it
h
fa
st
d
y
n
a
m
ic
s,
in
a
re
a
l
te
st
b
en
ch
.
T
h
is
co
n
tr
o
ll
er
sh
o
u
ld
le
a
d
th
e
sy
st
em
to
a
b
et
te
r
effi
ci
en
cy
.
A
2
5
k
W
D
C
m
a
ch
in
e
is
co
n
n
ec
te
d
to
a
D
S
P
co
n
tr
o
ll
ed
co
n
v
er
te
r,
u
se
d
to
em
u
la
te
th
e
w
in
d
tu
rb
in
e.
T
h
e
co
m
p
a
ri
so
n
a
n
a
ly
si
s
co
n
cl
u
d
es
th
a
t
th
e
p
ro
p
o
se
d
co
n
tr
o
ll
er
a
ll
o
w
s
to
in
cr
ea
se
th
e
ef
-
fi
ci
en
cy
o
f
th
e
sy
st
em
,
co
m
p
a
re
d
to
o
th
er
tu
r-
b
in
e
co
n
tr
o
ll
er
s.
[5
4
]
H
u
a
li
en
,
T
a
iw
a
n
2
0
0
6
W
in
d
L
ev
el
4
D
es
ig
n
o
f
a
R
a
d
ia
l
B
a
si
s-
F
u
n
ct
io
n
N
et
-
w
o
rk
(R
B
F
N
)
to
co
n
tr
o
l
a
w
in
d
tu
r-
b
in
e
em
u
la
to
r
a
n
d
a
S
C
IG
sy
st
em
,
b
y
m
ea
n
s
o
f
a
n
A
C
/
D
C
p
o
w
er
co
n
v
er
te
r.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
is
b
u
il
t
u
s-
in
g
a
P
M
S
M
se
rv
o
d
ri
v
e,
co
n
tr
o
ll
ed
b
y
a
fi
el
d
-o
ri
en
te
d
co
n
tr
o
l
im
p
le
m
en
te
d
in
a
D
S
P
.
T
h
e
em
u
la
ti
o
n
sy
st
em
in
cl
u
d
es
th
e
tu
rb
in
e
p
o
w
er
/
sp
ee
d
cu
rv
e.
T
h
e
em
u
la
to
r
is
m
ec
h
a
n
i-
ca
ll
y
co
u
p
le
d
to
th
e
S
C
IG
,
to
v
a
li
d
a
te
th
e
p
ro
-
p
o
se
d
st
ra
te
g
y.
T
h
e
p
ro
p
o
se
d
co
n
tr
o
ll
er
s
a
re
v
a
li
d
a
te
d
w
it
h
in
th
e
st
u
d
y,
b
o
th
fo
r
th
e
w
in
d
em
u
la
to
r
a
n
d
th
e
S
C
IG
,
sh
o
w
in
g
g
o
o
d
p
er
fo
rm
a
n
ce
,
ev
en
d
u
ri
n
g
tr
a
n
si
en
ts
.
56
T
a
b
le
1
1
:
W
in
d
em
u
la
to
r
re
v
ie
w
-
P
a
rt
IV
R
e
f.
L
o
c
a
ti
o
n
Y
e
a
r
T
y
p
e
O
b
je
c
ti
v
e
s
S
y
st
e
m
d
e
sc
r
ip
ti
o
n
M
a
in
fi
n
d
in
g
s
[5
5
]
T
a
ll
a
h
a
ss
ee
,
U
S
A
2
0
0
6
W
in
d
L
ev
el
4
A
n
a
ly
si
s
o
f
h
o
w
,
a
n
es
ta
b
li
sh
ed
re
a
l-
ti
m
e
h
a
rd
w
a
re
-i
n
-t
h
e-
lo
o
p
(H
IL
)
te
st
fa
ci
li
ty
cr
ea
te
d
fo
r
el
ec
tr
ic
sh
ip
p
ro
p
u
l-
si
o
n
,
ca
n
b
e
u
se
d
fo
r
w
in
d
en
er
g
y
re
-
se
a
rc
h
.
T
h
e
w
in
d
tu
rb
in
e
em
u
la
to
r
co
u
ld
b
e
b
u
il
t
em
-
p
lo
y
in
g
tw
o
2
.5
M
W
A
C
m
o
to
rs
in
ta
n
d
em
,
w
h
ic
h
a
re
a
b
le
to
re
p
ro
d
u
ce
th
e
tu
rb
in
e
d
y
-
n
a
m
ic
s
o
n
th
e
sh
a
ft
o
f
a
w
in
d
tu
rb
in
e.
T
h
e
sh
a
ft
o
f
b
o
th
m
a
ch
in
es
is
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
to
th
e
g
en
er
a
to
r
u
n
d
er
te
st
.
A
lo
w
p
o
w
er
te
st
b
en
ch
is
a
ls
o
p
ro
p
o
se
d
a
s
th
e
la
rg
e
b
en
ch
w
a
s
n
o
t
fi
n
is
h
ed
w
h
en
th
e
a
rt
ic
le
w
a
s
w
ri
tt
en
.
T
h
e
st
ea
d
y
-s
ta
te
a
n
d
d
y
n
a
m
ic
p
er
fo
rm
a
n
ce
s
sh
o
w
th
a
t
th
e
p
ro
p
o
se
d
sy
st
em
ca
n
b
e
a
n
in
-
te
re
st
in
g
to
o
l
fo
r
th
e
d
ev
el
o
p
m
en
t
o
f
n
ew
te
ch
-
n
o
lo
g
ie
s
re
la
te
d
w
it
h
w
in
d
en
er
g
y
co
n
v
er
si
o
n
sy
st
em
s.
[5
6
]
P
u
n
ta
A
re
-
n
a
s,
C
h
il
e
2
0
0
4
W
in
d
L
ev
el
4
N
F
E
D
es
ig
n
o
f
a
se
n
so
rl
es
s
v
ec
to
r-
co
n
tr
o
l
st
ra
te
g
y,
fo
r
a
w
in
d
tu
rb
in
e
in
d
u
c-
ti
o
n
g
en
er
a
to
r,
em
p
lo
y
in
g
a
m
o
d
el
re
f-
er
en
ce
a
d
a
p
ti
v
e
sy
st
em
(M
R
A
S
)
o
b
-
se
rv
er
to
es
ti
m
a
te
th
e
ro
ta
ti
o
n
a
l
sp
ee
d
.
T
h
e
in
d
u
ct
io
n
g
en
er
a
to
r
is
co
u
p
le
d
to
a
sp
ee
d
-
co
n
tr
o
ll
ed
D
C
m
o
to
r,
w
h
ic
h
em
u
la
te
s
a
w
in
d
tu
rb
in
e.
T
h
e
sp
ee
d
o
f
th
e
D
C
m
o
to
r
is
co
n
-
tr
o
ll
ed
fo
ll
o
w
in
g
th
e
ch
a
ra
ct
er
is
ti
cs
o
f
th
e
em
u
-
la
te
d
tu
rb
in
e.
H
ig
h
o
rd
er
w
in
d
tu
rb
in
e
m
o
d
el
s
a
re
in
cl
u
d
ed
to
a
cc
u
ra
te
ly
em
u
la
te
th
e
sy
st
em
d
y
n
a
m
ic
s.
T
h
e
se
n
so
rl
es
s
st
ra
te
g
y
p
ro
p
o
se
d
sh
o
w
s
a
g
o
o
d
p
er
fo
rm
a
n
ce
,
b
o
th
in
si
m
u
la
ti
o
n
a
n
d
in
ex
p
er
-
im
en
ta
l
re
su
lt
s.
[5
7
]
D
o
rt
m
u
n
d
,
G
er
m
a
n
y
2
0
0
1
W
in
d
L
ev
el
4
N
F
E
D
es
in
g
o
f
a
m
a
n
a
g
em
en
t
sy
st
em
a
ct
in
g
o
n
th
e
ro
to
r
p
o
w
er
o
u
tp
u
t,
d
es
ig
n
ed
to
re
d
u
ce
p
ro
b
le
m
s
re
la
te
d
to
th
e
sm
o
o
th
st
a
rt
,
to
w
er
eff
ec
t
a
n
d
a
er
o
d
y
n
a
m
ic
fo
rc
es
o
f
th
e
w
in
d
tu
rb
in
e.
T
h
e
w
in
d
em
u
la
to
r
is
b
u
il
t
u
si
n
g
a
D
C
m
a
ch
in
e
a
n
d
a
ro
ta
ti
n
g
m
a
ss
.
T
h
e
em
u
la
to
r
is
m
ec
h
a
n
-
ic
a
ll
y
co
n
n
ec
te
d
to
a
n
in
d
u
ct
io
n
m
a
ch
in
e.
T
h
e
w
in
d
ro
to
r
ch
a
ra
ct
er
is
ti
c
is
o
b
a
ta
in
ed
fr
o
m
th
e
cu
rv
e
d
er
iv
ed
fr
o
m
a
si
m
u
la
ti
o
n
p
ro
g
ra
m
.
T
h
re
e
m
et
h
o
d
s
fo
r
th
e
p
o
w
er
co
n
tr
o
l
a
re
d
e-
si
g
n
ed
a
n
d
d
es
cr
ib
ed
.
O
n
e
o
f
th
e
m
et
h
o
d
s
is
te
st
ed
sh
o
w
in
g
a
sm
o
o
th
st
a
rt
,
b
es
id
es
a
co
m
-
p
en
sa
ti
o
n
o
f
th
e
to
w
er
eff
ec
t.
[5
8
]
L
a
P
la
ta
,
A
rg
en
ti
n
a
1
9
9
6
W
in
d
L
ev
el
4
D
es
cr
ip
ti
o
n
o
f
th
e
st
ru
ct
u
re
a
n
d
o
p
er
a
-
ti
o
n
p
ri
n
ci
p
le
o
f
a
w
in
d
tu
rb
in
e
em
u
la
-
to
r.
T
h
e
em
u
la
to
r
a
ll
o
w
s
to
m
o
d
if
y
th
e
w
in
d
co
n
d
it
io
n
s
a
n
d
th
e
w
in
d
tu
rb
in
e
p
a
ra
m
et
er
s.
It
a
ls
o
in
cl
u
d
es
a
su
p
er
v
i-
si
o
n
o
f
th
e
sy
st
em
v
a
ri
a
b
le
s.
T
h
e
w
in
d
em
u
la
to
r
is
b
u
il
t
em
p
lo
y
in
g
a
D
C
m
o
to
r
to
p
ro
v
id
e
th
e
n
ec
es
sa
ry
to
rq
u
e
in
th
e
sh
a
ft
.
T
h
e
m
o
to
r
is
co
n
tr
o
ll
ed
b
y
a
rm
a
-
tu
re
,
u
si
n
g
a
p
h
a
se
-c
o
n
tr
o
ll
ed
A
C
/
D
C
co
n
-
v
er
te
r.
T
h
e
sy
st
em
is
co
n
tr
o
ll
ed
b
y
m
ea
n
s
o
f
a
d
u
a
l-
D
S
P
sy
st
em
,
w
h
ic
h
re
p
ro
d
u
ce
s
th
e
to
rq
u
e/
sp
ee
d
ch
a
ra
ct
er
is
ti
cs
o
f
th
e
em
u
la
te
d
tu
rb
in
e.
T
h
e
co
n
tr
o
l
sy
st
em
in
te
rc
o
n
n
ec
te
d
w
it
h
th
e
P
C
,
co
n
v
er
ts
th
e
w
in
d
em
u
la
to
r
in
to
a
p
o
w
er
-
fu
l
a
n
d
fl
ex
ib
le
d
ev
ic
e
fo
r
d
ev
el
o
p
in
g
a
n
d
te
st
-
in
g
n
ew
co
n
tr
o
ll
er
s
fo
r
w
in
d
en
er
g
y
co
n
v
er
si
o
n
sy
st
em
s.
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T
a
b
le
1
2
:
F
u
el
ce
ll
em
u
la
to
r
re
v
ie
w
R
e
f.
L
o
c
a
ti
o
n
Y
e
a
r
T
y
p
e
O
b
je
c
ti
v
e
s
S
y
st
e
m
d
e
sc
r
ip
ti
o
n
M
a
in
fi
n
d
in
g
s
[5
9
]
C
a
p
e
T
o
w
n
,
S
o
u
th
A
fr
ic
a
2
0
1
3
F
C
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
H
ig
h
T
em
p
er
a
-
tu
re
(H
T
)
P
ro
to
n
E
x
ch
a
n
g
e
M
em
b
ra
n
e
F
u
el
C
el
l
(P
E
M
F
C
)
em
u
la
to
r
to
re
p
re
-
se
n
t
th
e
sy
st
em
st
ea
d
y
-s
ta
te
a
n
d
tr
a
n
-
si
en
t
co
n
d
it
io
n
s.
T
h
e
H
T
P
E
M
F
C
em
u
la
to
r
is
b
a
se
d
o
n
a
F
C
m
o
d
el
w
h
ic
h
is
a
b
le
to
ru
n
in
re
a
l
ti
m
e.
T
h
e
em
u
la
to
r
is
im
p
le
m
en
te
d
in
tw
o
st
a
g
es
,
a
co
n
-
tr
o
l
st
a
g
e
b
a
se
d
o
n
a
m
u
lt
ip
h
a
se
in
te
rl
ea
v
ed
co
n
v
er
te
r
to
re
p
re
se
n
t
th
e
F
C
fa
st
tr
a
n
si
en
ts
,
a
n
d
a
p
o
w
er
st
a
g
e,
w
h
ic
h
re
g
u
la
te
s
th
e
D
C
v
o
lt
a
g
e
o
f
th
e
in
te
rl
ea
v
ed
co
n
v
er
te
r.
T
h
e
p
ro
p
o
se
d
a
p
p
ro
a
ch
sh
o
w
s
g
o
o
d
p
er
fo
r-
m
a
n
ce
,
co
m
p
a
re
d
to
o
th
er
em
u
la
to
rs
b
a
se
d
o
n
cl
a
ss
ic
a
l
D
C
/
D
C
co
n
v
er
te
rs
.
[6
0
]
B
el
fo
rt
,
F
ra
n
ce
2
0
1
2
F
C
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
P
E
M
F
C
st
a
ck
m
o
d
el
.
Im
p
le
m
en
ta
ti
o
n
o
f
a
re
a
l
ti
m
e
em
u
la
to
r
b
a
se
d
o
n
th
e
d
er
iv
ed
m
o
d
el
.
T
h
e
F
C
st
a
ck
m
o
d
el
is
im
p
le
m
en
te
d
in
th
re
e
re
a
l-
ti
m
e
co
m
p
u
ta
ti
o
n
co
re
s,
w
h
ic
h
a
re
a
b
le
to
p
re
d
ic
t
th
e
st
a
ck
p
er
fo
rm
a
n
ce
in
th
e
el
ec
tr
i-
ca
l,
fl
u
id
a
n
d
th
er
m
a
l
d
o
m
a
in
s.
T
h
is
so
ft
w
a
re
la
y
er
is
co
m
m
u
n
ic
a
te
d
th
ro
u
g
h
C
A
N
b
u
s
to
a
D
C
/
D
C
b
u
ck
co
n
v
er
te
r
w
h
ic
h
re
p
re
se
n
ts
th
e
fu
el
ce
ll
st
a
ck
p
o
w
er
o
u
tp
u
t.
T
h
e
m
o
d
el
o
f
th
e
P
E
M
F
C
a
n
d
th
e
em
u
la
to
r
a
re
co
m
p
a
re
d
,
th
ro
u
g
h
ex
p
er
im
en
ta
l
re
su
lt
s,
to
a
re
a
l
F
C
,
sh
o
w
in
g
sa
ti
sf
a
ct
o
ry
re
su
lt
s.
[6
1
]
T
a
rr
a
g
o
n
a
,
S
p
a
in
2
0
1
2
F
C
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
re
a
l-
ti
m
e
F
C
em
-
u
la
to
r
b
a
se
d
o
n
a
M
a
tl
a
b
R
ea
l-
T
im
e
W
in
d
o
w
s
T
a
rg
et
co
n
tr
o
ll
in
g
a
p
o
w
er
so
u
rc
e.
T
h
e
em
u
la
to
r
is
a
b
le
to
a
cc
u
-
ra
te
ly
re
p
ro
d
u
ce
b
o
th
st
a
ti
c
a
n
d
d
y
-
n
a
m
ic
fu
el
ce
ll
b
eh
a
v
io
rs
.
T
h
e
F
C
is
em
u
la
te
d
th
ro
u
g
h
a
R
ea
l-
T
im
e
W
in
-
d
o
w
s
T
a
rg
et
th
a
t
a
ll
o
w
s
to
co
n
tr
o
l
a
p
o
w
er
su
p
p
ly
w
h
ic
h
p
h
y
si
ca
ll
y
in
te
ra
ct
s
w
it
h
th
e
lo
a
d
o
r
th
e
d
ev
ic
es
u
n
d
er
te
st
.
T
h
e
p
o
w
er
su
p
p
ly
a
p
p
li
es
th
e
co
rr
es
p
o
n
d
in
g
v
o
lt
a
g
e
a
t
th
e
o
u
t-
p
u
t
o
f
th
e
em
u
la
te
d
F
C
.
T
h
e
st
a
ti
c
a
n
d
d
y
n
a
m
ic
b
eh
a
v
io
r
o
f
th
e
d
e-
v
el
o
p
ed
em
u
la
to
r
a
re
co
m
p
a
re
d
to
a
re
a
l
F
C
,
sh
o
w
in
g
g
o
o
d
re
su
lt
s,
in
cl
u
d
in
g
ca
lc
u
la
ti
o
n
s
a
s
th
e
o
x
y
g
en
ra
ti
o
.
[6
2
]
Z
a
g
re
b
,
C
ro
a
ti
a
2
0
1
2
F
C
L
ev
el
4
N
F
E
D
ev
el
o
p
m
en
t
o
f
a
li
n
ea
r
m
o
d
el
w
it
h
ch
a
n
g
ea
b
le
p
a
ra
m
et
er
s
o
f
a
co
n
tr
o
ll
ed
D
C
/
D
C
b
o
o
st
co
n
v
er
te
r
su
p
p
li
ed
b
y
a
P
E
M
F
C
st
a
ck
.
A
co
m
m
er
ci
a
l
M
a
g
n
a
P
o
w
er
E
le
ct
ro
n
ic
s
fu
el
ce
ll
em
u
la
to
r
is
em
p
lo
y
ed
to
b
e
co
n
n
ec
te
d
to
th
e
D
C
/
D
C
b
o
o
st
co
n
v
er
te
r.
T
h
e
d
er
iv
ed
m
o
d
el
is
v
a
li
d
fo
r
th
e
w
h
o
le
ra
n
g
e
o
f
th
e
co
n
v
er
te
r
a
n
d
fu
el
ce
ll
ty
p
ic
a
l
co
n
d
i-
ti
o
n
s.
[6
3
]
B
el
fo
rt
,
F
ra
n
ce
2
0
1
1
F
C
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
m
u
lt
ip
h
y
si
ca
l
P
E
M
F
C
st
a
ck
m
o
d
el
su
it
a
b
le
fo
r
re
a
l-
ti
m
e
em
u
la
ti
o
n
.
Im
p
le
m
en
ta
ti
o
n
o
f
a
F
C
em
u
la
to
r,
b
a
se
d
o
n
th
e
d
er
iv
ed
m
o
d
el
,
em
p
lo
y
in
g
a
b
u
ck
co
n
v
er
te
r.
T
h
e
em
u
la
to
r
is
b
a
se
d
o
n
a
re
a
l-
ti
m
e
m
o
d
el
ru
n
n
in
g
in
a
n
O
P
A
L
-R
T
r
re
a
l
ti
m
e
st
ru
ct
u
re
.
T
h
e
m
o
d
el
es
ta
b
li
sh
es
co
m
m
u
n
ic
a
ti
o
n
s
w
it
h
th
e
D
C
/
D
C
b
u
ck
co
n
v
er
te
r
th
ro
u
g
h
C
A
N
b
u
s.
T
h
e
co
n
v
er
te
r
is
a
b
le
to
re
g
u
la
te
th
e
D
C
v
o
lt
-
a
g
e
o
u
tp
u
t
u
si
n
g
a
D
S
P
.
T
h
e
m
o
d
el
li
n
g
a
p
p
ro
a
ch
is
v
a
li
d
a
te
d
in
co
m
-
p
a
ri
so
n
w
it
h
a
re
a
l
F
C
.
T
h
e
d
ev
el
o
p
ed
em
u
-
la
to
r
ca
n
b
e
u
se
d
fo
r
H
IL
a
p
p
li
ca
ti
o
n
s.
F
a
st
tr
a
n
si
en
ts
ca
n
n
o
t
b
e
tr
a
ck
ed
w
it
h
th
e
b
u
ck
co
n
v
er
te
r
to
p
o
lo
g
y.
[6
4
]
B
el
fo
rt
,
F
ra
n
ce
2
0
0
9
F
C
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
P
E
M
F
C
em
u
la
ti
o
n
sy
st
em
u
si
n
g
a
D
C
/
D
C
b
u
ck
co
n
v
er
te
r,
a
b
le
to
re
p
re
se
n
t
d
iff
er
en
t
ty
p
es
o
f
F
C
s.
T
h
e
em
u
la
to
r
is
b
a
se
d
o
n
a
d
y
n
a
m
ic
m
o
d
el
b
lo
ck
o
f
th
e
en
ti
re
F
C
in
cl
u
d
in
g
it
s
a
u
x
il
ia
ry
sy
st
em
s,
to
g
et
h
er
w
it
h
a
D
C
/
D
C
co
n
v
er
te
r
w
h
ic
h
is
a
b
le
to
im
p
o
se
th
e
sp
ec
ifi
ed
v
o
lt
a
g
e
a
t
th
e
em
u
la
to
r
o
u
tp
u
t
te
rm
in
a
ls
.
T
h
e
sy
st
em
is
co
n
tr
o
ll
ed
b
y
a
d
S
P
A
C
E
r
sy
st
em
.
T
h
e
D
C
/
D
C
co
n
v
er
te
r,
co
n
tr
o
ll
ed
b
y
th
e
st
a
te
-
sp
a
ce
re
g
u
la
to
r,
h
a
s
a
h
ig
h
b
a
n
d
w
id
th
,
fa
ct
th
a
t
a
ll
o
w
s
a
g
o
o
d
d
y
n
a
m
ic
p
er
fo
rm
a
n
ce
o
f
th
e
em
u
la
to
r.
[6
5
]
L
il
le
,
F
ra
n
ce
2
0
0
9
F
C
L
ev
el
4
(E
le
ct
ro
ly
ze
r)
D
ev
el
o
p
m
en
t
o
f
a
n
em
u
la
to
r
to
re
p
re
-
se
n
t
a
h
y
d
ro
g
en
el
ec
tr
o
ly
ze
r,
in
st
a
ll
ed
in
a
w
in
d
p
o
w
er
p
la
n
t.
T
h
e
em
u
la
to
r
is
b
a
se
d
o
n
tw
o
d
iff
er
en
t
p
a
rt
s,
a
p
o
w
er
st
a
g
e
u
si
n
g
a
b
o
o
st
co
n
v
er
te
r
a
n
d
co
n
-
tr
o
l
st
a
g
e
p
ro
g
ra
m
m
ed
o
n
a
D
S
P
b
o
a
rd
.
A
h
a
rd
w
a
re
in
th
e
lo
o
p
sy
st
em
,
to
re
p
re
se
n
t
th
e
h
y
d
ro
g
en
p
ro
d
u
ct
io
n
p
ro
ce
ss
,
is
p
re
se
n
te
d
.
T
h
e
p
o
w
er
el
ec
tr
o
n
ic
s
st
a
g
e
is
a
b
le
to
o
ff
er
si
m
-
il
a
r
ch
a
ra
ct
er
is
ti
cs
a
s
th
e
re
a
l
el
ec
tr
o
ly
ze
r.
58
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r
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v
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R
e
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L
o
c
a
ti
o
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Y
e
a
r
T
y
p
e
O
b
je
c
ti
v
e
s
S
y
st
e
m
d
e
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r
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o
n
M
a
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n
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[6
6
]
B
ri
st
o
l,
U
K
2
0
1
3
B
a
tt
er
y
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
a
H
IL
si
m
u
la
ti
o
n
sy
s-
te
m
to
em
u
la
te
en
er
g
y
st
o
ra
g
e
co
m
p
o
-
n
en
ts
,
a
ll
o
w
in
g
to
te
st
ce
ll
b
a
la
n
ci
n
g
ci
rc
u
it
s.
A
fl
y
b
a
ck
co
n
v
er
te
r
is
u
se
d
to
em
u
la
te
th
e
b
e-
h
a
v
io
r
o
f
th
e
b
a
tt
er
y
ce
ll
s.
T
h
e
p
ro
p
o
se
d
em
u
la
to
r
a
ll
o
w
s
to
te
st
ce
ll
b
a
l-
a
n
ci
n
g
ci
rc
u
it
s,
u
su
a
ll
y
te
st
ed
w
it
h
re
a
l
b
a
tt
er
-
ie
s.
H
IL
te
st
s,
b
a
se
d
o
n
em
u
la
to
rs
,
sh
o
w
si
m
i-
la
r
re
su
lt
s
co
m
p
a
re
d
to
th
e
re
a
l
sy
st
em
o
n
es
.
[6
7
]
G
ra
z,
A
u
st
ri
a
2
0
1
3
B
a
tt
er
y
L
ev
el
4
N
F
E
D
ev
el
o
p
m
en
t
o
f
a
b
a
tt
er
y
em
u
la
to
r
u
se
d
to
su
p
p
ly
a
n
el
ec
tr
ic
m
o
to
r
in
-
v
er
te
r
fo
r
h
y
b
ri
d
a
n
d
el
ec
tr
ic
a
l
v
eh
ic
le
p
o
w
er
tr
a
in
s.
T
h
e
b
a
tt
er
y
em
u
la
to
r
is
b
a
se
d
o
n
a
p
ro
-
g
ra
m
m
a
b
le
D
C
p
o
w
er
su
p
p
ly
w
h
ic
h
re
p
li
ca
te
s
th
e
v
o
lt
a
g
e
o
u
tp
u
t
o
f
th
e
b
a
tt
er
y,
su
p
p
ly
in
g
th
e
re
q
u
ir
ed
p
o
w
er
.
T
h
e
m
ea
su
re
d
cu
rr
en
t
o
f
th
e
lo
a
d
is
in
tr
o
d
u
ce
d
in
to
th
e
si
m
u
la
ti
o
n
m
o
d
el
to
re
ca
lc
u
la
te
th
e
st
a
te
o
f
ch
a
rg
e
in
re
a
l
ti
m
e.
A
m
o
d
el
p
re
d
ic
ti
v
e
co
n
tr
o
l
a
p
p
ro
a
ch
is
a
p
p
li
ed
to
co
n
tr
o
l
th
e
D
C
/
D
C
co
n
v
er
te
r
co
n
n
ec
te
d
to
th
e
b
a
tt
er
y
em
u
la
to
r.
[6
8
]
G
ra
z,
A
u
st
ri
a
2
0
1
3
B
a
tt
er
y
L
ev
el
4
N
F
E
D
ev
el
o
p
m
en
t
o
f
a
b
a
tt
er
y
em
u
la
to
r,
b
a
se
d
o
n
a
p
o
w
er
su
p
p
ly
,
to
im
p
le
m
en
t
H
IL
te
st
in
g
o
f
p
o
w
er
tr
a
in
s
fo
r
h
y
b
ri
d
a
n
d
el
ec
tr
ic
v
eh
ic
le
s.
T
h
e
b
a
tt
er
y
em
u
la
to
r
p
o
w
er
st
a
g
e
is
b
a
se
d
o
n
a
D
C
/
D
C
st
ep
-d
o
w
n
co
n
v
er
te
r,
w
it
h
th
re
e
d
if
-
fe
re
n
t
in
te
rl
ea
v
ed
sw
it
ch
in
g
ch
a
n
n
el
s.
W
it
h
th
e
m
et
h
o
d
o
lo
g
y
p
ro
p
o
se
d
,
a
h
ig
h
ly
a
c-
cu
ra
te
tr
a
ct
io
n
b
a
tt
er
y
em
u
la
ti
o
n
is
d
ev
el
o
p
ed
fo
r
te
st
b
ed
s
o
f
el
ec
tr
ic
v
eh
ic
le
s.
[6
9
]
S
h
a
n
g
h
a
i,
C
h
in
a
2
0
1
3
B
a
tt
er
y
L
ev
el
4
N
F
E
D
ev
el
o
p
m
en
t
o
f
a
co
n
fi
g
u
ra
b
le
b
a
tt
er
y
ce
ll
em
u
la
to
r
to
im
p
le
m
en
t
th
e
H
IL
v
a
li
d
a
ti
o
n
o
f
th
e
ce
ll
B
a
tt
er
y
M
a
n
a
g
e-
m
en
t
S
y
st
em
(B
M
S
).
B
a
se
d
o
n
th
e
in
te
rn
a
l
ce
ll
m
o
d
el
s
a
n
d
th
e
co
m
-
p
en
sa
ti
o
n
a
lg
o
ri
th
m
d
ev
el
o
p
ed
,
a
D
S
P
ca
lc
u
-
la
te
s
th
e
v
o
lt
a
g
e
o
u
tp
u
t
o
f
ea
ch
em
u
la
te
d
ch
a
n
-
n
el
.
T
h
en
,
th
e
v
o
lt
a
g
e
is
a
p
p
li
ed
to
th
e
ci
rc
u
it
b
y
m
ea
n
s
o
f
a
p
o
w
er
a
m
p
li
fi
er
.
T
h
e
ce
ll
em
u
la
to
r
d
ev
el
o
p
ed
is
a
b
le
to
g
en
er
a
te
th
e
ce
ll
v
o
lt
a
g
e
si
g
n
a
ls
to
em
u
la
te
th
e
d
y
n
a
m
-
ic
s
o
f
th
e
b
a
tt
er
y
ce
ll
s.
T
h
e
em
u
la
te
d
ce
ll
ca
n
b
e
co
n
n
ec
te
d
a
ls
o
in
se
ri
es
.
B
a
se
d
o
n
th
e
em
-
u
la
ti
o
n
p
ro
p
o
se
d
,
ce
ll
B
M
S
p
ro
p
o
sa
ls
ca
n
b
e
ev
a
lu
a
te
d
.
[7
0
]
V
er
sa
il
le
s,
F
ra
n
ce
2
0
1
2
B
a
tt
er
y
L
ev
el
4
N
F
E
E
x
p
er
im
en
ta
l
v
a
li
d
a
ti
o
n
o
f
a
le
a
d
-a
ci
d
b
a
tt
er
y
ch
a
rg
er
.
T
h
e
co
n
v
er
te
r
to
p
o
l-
o
g
y
is
a
D
C
/
A
C
/
D
C
st
ep
d
o
w
n
co
n
-
v
er
te
r,
in
cl
u
d
in
g
a
h
ig
h
fr
eq
u
en
cy
is
o
-
la
ti
o
n
st
a
g
e.
T
h
e
b
a
tt
er
y
em
u
la
to
r
is
im
p
le
m
en
te
d
b
y
a
p
o
w
er
su
p
p
ly
w
it
h
a
se
ri
es
re
si
st
a
n
ce
.
T
h
e
em
u
la
ti
o
n
sy
st
em
h
a
s
b
ee
n
u
se
d
to
p
er
-
fo
rm
th
er
m
a
l
en
d
u
ra
n
ce
te
st
s
o
f
th
e
IG
B
T
p
o
w
er
m
o
d
u
le
s
o
f
th
e
p
ro
p
o
se
d
co
n
v
er
te
r.
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b
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c
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[7
1
]
H
u
el
v
a
,
S
p
a
in
2
0
1
1
L
o
a
d
L
ev
el
3
D
ev
el
o
p
m
en
t
o
f
a
a
fl
ex
ib
le
D
C
lo
a
d
em
u
la
to
r
to
te
st
a
n
d
ev
a
lu
a
te
V
/
I
ch
a
r-
a
ct
er
is
ti
cs
o
f
F
C
st
a
ck
s
a
n
d
P
V
m
o
d
-
u
le
s
em
p
lo
y
in
g
D
C
/
D
C
co
n
v
er
te
rs
.
T
h
e
co
n
v
er
te
r
to
re
p
re
se
n
t
th
e
fl
ex
ib
le
lo
a
d
is
a
S
E
P
IC
co
n
v
er
te
r
co
n
tr
o
ll
ed
b
y
a
P
IC
r
m
ic
ro
-
co
n
tr
o
ll
er
,
co
n
n
ec
te
d
to
a
re
si
st
o
r.
T
h
e
a
n
a
ly
si
s
co
n
cl
u
d
es
th
a
t
th
e
S
E
P
IC
co
n
-
v
er
te
r
is
th
e
o
p
ti
m
a
l
co
n
v
er
te
r
fo
r
h
e
a
p
-
p
li
ca
ti
o
n
.
T
h
e
p
ro
p
o
se
d
lo
a
d
ca
n
re
p
re
se
n
t
a
v
a
ri
a
b
le
re
si
st
a
n
ce
/
cu
rr
en
t/
v
o
lt
a
g
e/
p
o
w
er
lo
a
d
,
a
ls
o
fo
ll
o
w
in
g
a
d
efi
n
ed
lo
a
d
p
ro
fi
le
.
[7
3
]
M
u
m
b
a
i,
In
d
ia
2
0
1
0
L
o
a
d
L
ev
el
4
D
ev
el
o
p
m
en
t
o
f
lo
a
d
em
u
la
to
r
b
a
se
d
o
n
a
th
re
e-
p
h
a
se
in
v
er
te
r.
T
h
e
em
u
-
la
ti
o
n
p
er
fo
rm
ed
is
th
e
co
n
n
ec
ti
o
n
o
f
a
S
C
IM
to
a
th
re
e-
p
h
a
se
A
C
g
ri
d
.
T
h
e
em
u
la
ti
o
n
so
ft
w
a
re
la
y
er
is
b
a
se
d
o
n
a
D
S
P
.
It
co
n
tr
o
ls
th
e
h
a
rd
w
a
re
la
y
er
im
p
le
-
m
en
te
d
o
n
a
th
re
e-
p
h
a
se
v
o
lt
a
g
e
so
u
rc
e
in
-
v
er
te
r.
T
h
e
p
ro
p
o
se
d
te
st
in
g
a
p
p
ro
a
ch
a
ll
o
w
s
to
u
se
th
e
em
u
la
to
r
d
u
ri
n
g
th
e
d
es
ig
n
p
ro
ce
ss
,
w
h
ic
h
re
d
u
ce
s
th
e
o
v
er
a
ll
co
st
.
[7
2
]
D
ea
rb
o
rn
,
U
S
A
2
0
0
8
L
o
a
d
L
ev
el
3
A
n
a
ly
ze
th
e
p
o
w
er
m
a
n
a
g
em
en
t
o
f
h
y
-
b
ri
d
el
ec
tr
ic
v
eh
ic
le
s
w
it
h
se
v
er
a
l
en
-
er
g
y
st
o
ra
g
e
sy
st
em
s:
a
b
a
tt
er
y,
a
fu
el
ce
ll
,
a
n
d
a
n
u
lt
ra
-c
a
p
a
ci
to
r.
T
h
e
lo
a
d
em
u
la
ti
o
n
is
ca
rr
ie
d
o
u
t
b
y
a
n
el
ec
-
tr
o
n
ic
lo
a
d
,
b
a
se
d
o
n
th
re
e
D
C
/
D
C
co
n
v
er
te
rs
co
n
tr
o
ll
ed
b
y
a
re
a
l
ti
m
e
co
n
tr
o
l
b
o
a
rd
.
T
h
e
a
n
a
ly
si
s
sh
o
w
s
th
a
t
th
e
p
o
w
er
m
a
n
a
g
e-
m
en
t
a
lg
o
ri
th
m
is
a
b
le
to
d
is
tr
ib
u
te
th
e
lo
a
d
p
ro
fi
le
a
m
o
n
g
th
e
d
iff
er
en
t
st
o
ra
g
es
in
cl
u
d
ed
,
a
cc
o
rd
in
g
to
th
ei
r
ch
a
ra
ct
er
is
ti
cs
.
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b
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c
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S
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M
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[7
4
]
N
o
v
i
S
a
d
,
S
er
b
ia
2
0
1
2
E
V
N
F
E
D
ev
el
o
p
m
en
t
o
f
a
h
ig
h
re
li
a
b
il
it
y
E
V
b
a
se
d
o
n
a
n
in
d
u
ct
io
n
m
a
ch
in
e
p
ro
p
u
l-
si
o
n
sy
st
em
T
h
e
in
d
u
ct
io
n
m
o
to
r
is
m
ec
h
a
n
ic
a
ll
y
co
u
p
le
d
to
a
n
o
th
er
m
o
to
r
a
ct
in
g
a
s
a
lo
a
d
,
re
p
re
se
n
ti
n
g
a
n
E
V
co
n
d
it
io
n
s.
T
h
e
p
ro
p
o
se
d
co
n
tr
o
l
st
ra
te
g
y
is
v
a
li
d
a
te
d
u
s-
in
g
th
e
H
IL
sy
st
em
a
n
d
in
re
a
l
te
st
s.
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